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Abstract
Healthy immune cell behavior requires sensitive and robust control over the processes that
regulate signal transduction. In this work we employ single molecule fluorescence imaging
techniques to quantify adapter protein recruitment, lateral mobility, receptor aggregation,
and cytoskeletal organization to create a better understanding of many key processes in
immune cell regulation.

We focus on understanding the initiating events in FcRI signaling in mast cells. Mast
cell signaling encompassing a wide array of cellular outcomes including calcium flux,
release of pre-formed inflammatory mediators and the production of cytokines. Careful
control over appropriate reactions to external antigens is necessary for mast cells to properly function within the context of an immune response. The antigen binding and signaling
domains of FcRI are carried on different subunits. Because no studies to date have thoroughly investigated the integrity of the FcRI complex, it remains unclear how antigen
binding regulates the dynamics and spatio-temporal distribution of the intracellular signaling ITAM domains. We address this by quantifying the dynamics and localization of the
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of the FcRIγ subunit relative to the FcRIα subunit. We utilize a Fluorogen Activating
Protein (FAP) tag to fluorescently label the FcRIγ subunit, and demonstrate its versatility
as a novel probe for single particle tracking. Direct labeling of the FcRIγ also allows us to
address long standing questions regarding the influence of IgE binding on receptor behavior. Given our understanding for how antigen addition regulates FcRI signaling domains,
we next explore how FcRI aggregation regulates its association with the intracellular tyrosine kinase Syk. Proper initiation of tyrosine kinase activity is absolutely necessary for
all receptor dependent signaling, yet it is not completely understood how Syk function is
regulated. In this work we use single molecule imaging to follow individual Syk molecules at the plasma membrane and investigate how FcRI distribution influences its spatial
and temporal behavior. We combine these findings with biochemical readouts to correlate
the behavior of Syk with functional consequences.

In addition to investigating FcRI signaling, we also demonstrate how localization based
super-resolution imaging can provide new insights into immune cell biology. First, we report on the development of FAP as a novel probe for super-resolution imaging and live cell
super-resolution imaging of intracellular structures (specifically the actin cytoskeleton).
Second, we use super-resolution imaging to quantify the nanoscale aggregation of FcγRI
and assess the influence of cytokine stimulation on FcγRI distribution. Third, we use
super-resolution imaging to explore the nanoscale architecture of the podosome mechanosensory assembly in dendritic cells.
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Chapter 1
Introduction
1.1

Immune Receptors and The High Affinity IgE Receptor: FcRI

1.1.1

Immune Receptors

The process through which cells respond to their surrounding environment is dependent
upon the ability to transduce information across the plasma membrane. Nowhere is regulation of this process more important than the immune system. The capacity to properly
identify self from non-self and destroy harmful pathogens or aberrant cells is a continuous
matter of life and death within an organism. The sensitivity and selectivity with which
the immune system reacts is a tribute to the highly evolved and finely tuned signal transduction network within immune cells. Immune cells respond to external cues through
an array of signaling receptors. These trans-membrane (membrane spanning) proteins
contain both extracellular domains capable of sensing the external environment and intracellular domains capable of interacting within the cell. Some of the most well studied
immune receptors belong to the multi-chain immune recognition receptor (MIRR) family, typified by the T-cell receptor (TCR), B-cell receptor (BCR), and the high affinity
receptor for IgE (FcRI) [1]. These receptors share a common mechanism of activation
in which cross-linking/aggregation by multivalent antigen triggers the phosphorylation
of key immunoreceptor tyrosine-based activation motifs (ITAMs) within the intracellular tails. Phosphorylation of these ITAM domains initiates a series of cellular responses
including the activation of kinases and GTPases, calcium mobilization, cytoskeletal reorganization, receptor trafficking and cell specific responses such as the release of preformed
mediators, the production of cytokines and altered gene expression [2–4].

1

Chapter 1. Introduction

Although careful biochemical studies have identified many of the key proteins necessary for signaling, the underlying molecular mechanisms that define an effective immune
response are still being discovered [5]. The influence of spatio-temporal changes in protein distribution and mobility offer vast opportunities for control but have yet to be fully
characterized. This study will investigate the extent to which extracellular aggregation of
receptors at the plasma membrane modulate intracellular recruitment of adapter proteins,
and how the timing of this interaction serves as a crucial added dimension for regulation.
We use the well-studied MIRR, FcRI , the primary receptor on mast cells and basophils,
as our model system.

1.1.2

Mast Cells and the high affinity receptor for IgE FcRI

Mast cells act as sentinels of the immune system [6]. Most commonly residing in exposed tissue, they are the first cells to encounter and respond to pathogens [7, 8]. Mast
cells are characterized by their dense granules containing histamine, cytokines, and other
inflammatory mediators, which when released into the surrounding tissue cause both local
and systematic responses. Mast cells are most recognized for their role in type I allergic response and clearance of parasitic infections [9–11]. It is also now appreciated that
they play a non-trivial role in mounting effective immune responses against bacteria and
viruses [6]. The main channel for activation of mast cells occurs through the high affinity
receptor for IgE, FcRI. In its most well studied form FcRI exists as a heterotetramer consisting of an alpha-subunit, which contains the extracellular IgE binding domain and only
a short cytoplasmic tail, a beta-subunit which is a four membrane pass protein containing
a single intracellular ITAM motif, and two disulfide linked single pass gamma-subunits,
each containing one intracellular ITAM motif [12, 13]. Although expressed mainly on
mast cells and basophils, in humans, FcRI has been found as an α-γ-2 heterotrimer in a
number of other cell types such as dendritic cells (epidermal Langerhan cells), eosinophils,
monocytes and macrophages. Despite the lack of a β subunit, FcRI is still functional in
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Figure 1.1: Cartoon overview of FcRI tetrameric complex

these cells [4, 14].

IgE binding and the FcRIα subunit
The FcRIα subunit is a single pass transmembrane protein comprised of two extracellular immunoglobulin-related domains that fold back on one other to expose a ’hydrophobic
ridge’ that serves as the IgE binding site. IgE is unique from other Igs in the addition of a
C4 sub-domain within its Fc domain. Crystallization studies have demonstrated the presence of an acute bend within the Fc region of IgE, between the C2 and the rest of the Fc,
allowing C2 to make extensive contact with the C3 subdomain and some contact with
the C4 subdomain. Rotations of this bend create an asymmetry where in one of the C3
subdomains is exposed or ’open’ and the other is unexposed or ’closed’ [15, 16]. FcRIα
initially binds to the Fc domain of free IgE via the sole exposed C3, necessitating a 1:1
stoichiometry between IgE and FcRI [15]. Following this initial binding, rotations within
the IgE C2 domain ’open’ up to reveal the buried secondary C3 domain. This two-step
binding reaction underlies the resulting high affinity (KD = 10−10 M) [15], as the disso-
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Figure 1.2: a) Structure of the extracellular domains of FcRIα superimposed from PDB ID:

1J87. The CC’ loop displays reduced conformational flexibility upon IgE binding. b) Complex
between Fc3-4 and the extracellular domains of FcRIα. Both C domains are engaged in the
’open’ conformation. Taken from PDB ID: 1F6A. c) Schematic representation of entire IgE in a
bent conformation bound to extracellular FcRIα. This Figure adapted from [Gould Sutton 2008].

ciation of both C3 requires an added conformational change. Within the context of the
immune system, cells expressing FcRI are therefore almost always found pre-complexed
or saturated with antigen specific IgEs and ’primed’ for a response. Interestingly, binding
of IgE to FcRI stabilizes the receptor at the cell surface, and mast cells primed with IgE
have a significantly higher concentration of FcRI at their membrane (between 2-10 fold
enhancements for different cell types) [17–19]. Whether this stabilization occurs through
changes in membrane localization or through changes in its association with endocytic regulatory proteins is currently unknown. While IgE binding has traditionally been thought
of as a passive event, some isotypes of IgE have been found to initiate a variety of effects
on mast cell behavior including increased cell survival and proliferation, production of
cytokines, and complete degranulation [20], [21–24]. In Chapter 2 we explore how IgE
binding influences receptor mobility, internalization and its association with the crucial
endocytosis protein dynamin.
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ITAM domains and the FcRI β,γ subunits
The FcRI α chain itself has no known intracellular signaling motifs, thus, it must associate with the FcRI γ and FcRI β chains which contain the relevant ITAM domains on
their c-terminus to effectively communicate information regarding antigen binding within
the cell [1]. The association of the FcRI α subunit with the γ and β subunits occurs cotranslationally within the ER and is a requisite for proper secretory pathway trafficking,
glycosylation and expression at the plasma membrane [25–27]. The non-covalent interactions that stabilize the receptor subunits together as a complex are still poorly understood.
It is thought that hydrophobic interactions between both covalently and non-covalently
associated lipids are required to maintain receptor integrity, but it unconfirmed whether
changes in stoichiometry after antigen cross-linking and endocytosis occur [12, 28, 29]. In
Chapter 2 we investigate the stability of the receptor complex by simultaneously visualizing and the behavior of the FcRI α and γ subunits before, during and after activation.
Interestingly, the ITAM containing β and γ chains are shared between across a number of
immunoglobulin binding FcR family members and BCR. The β chain is also found in the
IL-3 receptor IL-3R [30]. The γ chain is also common to a number of other Fc receptors including FcγRI and FcγRIIIA [31, 32]. It is therefore not surprising that these cell
types and receptors share similar signaling pathways. Understanding the mechanisms for
activation in one immune receptor system is highly relevant and gives insight into all the
others.

1.1.3

The FcRI Signaling Pathway and the Role of Adapter Proteins

Unlike receptor tyrosine kinases, such as the epidermal growth factor (EGFR), immune
receptors lack inherent kinase activity and thus their signaling is completely dependent
on the ability to recruit and activate adaptor proteins. Biochemical techniques have been
very successful in elucidating the key proteins involved in FcRI signaling and the order
in which interactions occur. These events are intimately controlled by the highly regulated
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Figure 1.3: Overview of FcRI Signaling Pathway. Taken from [34]

balance of phosphorylation and de-phosphorylation of signaling proteins along the cascade. The addition of a phosphate group on serine/threonine, lipids and tyrosine results in
enhanced activation or induces binding to other signaling molecules [33].

FcRI phosphorylation
Cross-linking of FcRI first results in phosphorylation of the FcRI γ and FcRI β ITAMs
via the Src family kinase Lyn. Antigen addition is associated with the enrichment of FcRI
in within detergent resistant membrane fractions [35, 36]. Because Lyn is dually acylated,
it has been suggested that FcRI and Lyn associate after antigen induced translocation of
FcRI into lipid rafts [37, 38]. However, it has been shown that the SH2 domain of Lyn
is a requirement for its productive interactions with FcRI, indicating that co-localization
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Figure 1.4: Schematic representation of Syk structure: SH2 domains mediate FcRI ITAM
binding. Phosphorylation of Tyrosines within the Linker A domain (130), the Linker B domain
(317,342,346) and the kinase domain (519/510) all play an important role in regulating Syk behavior. Numbering is as in mouse. Figure adapted from [Sanderson2010 MolImm]

within lipid rafts is not sufficient [38, 39]. It remains unclear how antigen addition promotes Lyn phosphorylation of FcRI. Immuno-EM studies have shown that Lyn is loosely
association with FcRI in resting cells [40, 41]. Interestingly, experiments in Lyn deficient
cell lines have demonstrated that FcRI mediated signaling can occur a number of other
Src family kinases, including Fyn and Fgr [42, 43]. The differentiating and redundant role
for these Src kinases is still not well understood.

Spleen Tyrosine Kinase Activation
FcRI ITAM phosphorylation creates a binding site for the tyrosine kinase Spleen Tyrosine
Kinase (Syk). In its basal state Syk is auto-inhibited [44]. Binding to the phosphorylated
ITAM domain of FcRI, allows Syk to adopt an active conformation. Proper activation of
Syk is an absolute requirement for FcRI signal propagation and Syk deficiency results in
a complete lack of mast cell responses [45, 46]. The structure of Syk can be divided into
three key areas. Two SH2 binding domains at the N-terminus crucial for ITAM binding, a
catalytic domain required for its kinase activity, and two linker regions A and B containing a series of important tyrosines that become phosphorylated after mast cell activation
(Figure 1.4) [44]. In its native or resting form, Syk auto-inhibition is thought to occur
through prohibitive binding between the linker regions and the kinase domain which hold
the catalytic center in an inactive conformation. Binding of the dual SH2 domains to phos-
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Figure 1.5: Mechanisms of Syk Phosphorylation. Syk can be phosphorylated by both Lyn and

nearby active Syk.

phorylated ITAM motifs promotes an open conformation that exposes the kinase domain
and releases the auto-inhibition. This conformational change also exposes tyrosines in the
linker B domain that when phosphorylated have been proposed to lock Syk in its active
conformation [44, 47, 48]. This would allow Syk to retain activity after dissociation from
the FcRI ITAMs. The linker A domain is thought to play a role in controlling the interaction of Syk . Phosphorylation of the tyrosine at 130 position has been proposed to induce
a conformational change that promotes dissociation [49, 50].

1.1.4

The Topography and Dynamics of FcRI Signaling

While biochemical studies have provided most of the framework for identifying the key
proteins in FcRI signaling and the ordering of their interactions, studies characterizing the
spatial and temporal changes associated with FcRI activation have also provided many
new insights for how signaling is regulated. Pioneering work using fluorescence recovery after photobleaching and time resolved fluorescence anisotropy revealed that FcRI
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was mobile at the membrane in resting cells and exhibited an acute immobilization and
rotational restriction upon antigen addition [51, 52]. These measurements correlated with
the appearance of punctuate receptor clusters seen using fluorescence microscopy [53].
Together these studies indicated for the first time that antigen addition induces the formation of dense immobile receptor aggregates at the membrane within minutes. However,
it was also observed that activation using lower valency or lower affinity antigens did not
result in drastic changes in mobility but still showed productive signaling [51]. Thus,
it remained unclear what role these observations served in signaling. High resolution
transmission electron microscopy studies, using immuno-gold labeling of FcRI in native
membrane sheets, revealed the formation FcRI patches that increased over time and varied in size as a function of the antigen used [41, 54, 55]. The FcRI patches were also
found to be highly associated with the presence of clathrin coated pits [41]. X-ray spectral electron microscopy also revealed distinct patches of osmium accumulation, which
reacts with double bonded lipids in these sheets, suggesting that lipids are also distribute
non-homogeneously through the membrane [56]. Not only did these studies provide a
nanoscale snapshot of FcRI distribution, but also allowed simultaneous labeling of cytosolic signaling proteins [41]. These studies revealed for the first time that most antigens
induced FcRI clustering, but only the signaling competent antigens formed FcRI patches
that excluded Lyn and recruited Syk [40,41]. The implication for this being is that the size
of an FcRI cluster does not predict its signaling output [5]. Interestingly, in these studies a large fraction of FcRI (25%) was also found in small clusters (2-5 FcRI) before
antigen addition [41]. Single molecule imaging techniques, as described in more detail
in Section 1.2, provided for this first time, information about the temporal dynamics of
these events. Two color single particle tracking in live cells revealed that multiple FcRI
could become spatially confined within actin corrals at the membrane, even though they
did not exhibit correlated motion [57]. This indicated that the pre-clustering observed
in EM studies was most likely a result of FcRI co-confinement and not direct interactions. Multi-color single particle tracking also demonstrated that low valency antigens
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form small aggregates of cross-linked FcRI that remain mobile at the membrane [58].
Taken together, these results paint a complex picture of the two dimensional membrane environment [59] and suggest that small changes in FcRI clustering and not FcRI
mobility induce drastic changes in signaling potency. What remains unclear from our current understanding, is how antigen cross-linking alters the temporal dynamics of signaling
adapter protein recruitment and the implications for this on signaling readouts. In this
work we develop a method to visualize, in live cells, the association of Syk with FcRI at
the membrane at sub-second time resolution. We characterize how various concentrations
of antigen, with differing FcRI clustering properties, influence Syk residency at the membrane. In addition, we investigate how modifications to the FcRI- Syk interaction domain
alters the efficiency of signal transduction.

1.2

Imaging Technologies

Single Molecule Localization: Beyond the Diffraction Limit
At the forefront of microscopy techniques has been the development of single molecule
imaging methodologies. The 2014 Nobel Prize in Chemistry was awarded to three physicists for the development of ’super-resolved fluorescence microscopy’. This term encompasses a number of techniques that resolve fluorescent structures below the physical limitation known as the diffraction limit. The resolution of conventional fluorescence
microscopy is theoretically limited by the wave nature of light. Light waves emanating
isotropically from a point source and exiting the aperture of a circular imaging objective
create an interference pattern, first described by the astronomer George Biddell Airy in
1834, that spreads the light out significantly wider than the point source itself (Figure 1.6).
For a perfect objective, this pattern is termed an Airy Disc. More generally, the point
spread function (PSF) of an optical setup (objective) describes how light from a single
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Figure 1.6: The diffraction limit. A) Depiction of the point spread function (white) of a single

emitter (green). Light spreads out in an Airy pattern around the particle, blurring out the its true
position. B) Various definitions for conventional resolution limits. Each limit is defined by the
minimum separation distance between two Airy profiles. They Rayleigh and Abbe limit are used
in microscopy while the Sparrow limit is used in Astronomy. Image taken from [60]]

point source spreads as it travels through the system. The resolution of an image is related
to the distance at which the signal from two separate objects can be distinguished. Resolution was more formally defined by Ernst Abbe in 1873 and separately by Lord Rayleigh
in 1896 (Figure 1.6). For wavelengths between 400-800 nm, and typical numerical apertures (NA) for high magnification imaging objectives between 0.5-1.4, this resolution is
effectively between 200-500 nm. Biological imaging, via fluorescence microscopy, was
therefore limited to visualizing cellular processes a micron scale resolution. Over the last
decade it has been recognized that if the emission light of a single emitter can be isolated,
its two dimensional emission intensity profile can be fit to the known point spread function of optical setup, and the true position, defined at the center of this distribution, can be
estimated with high precision. To properly sample the intensity distribution, very sensitive
EMCCD and sCMOS cameras must be used. Due to the background noise and pixelation
inherent to these cameras, a two dimensional gaussian approximation of the PSF models
the intensity profile equally well [61, 62] and is computationally more simple. In the work
presented here, a maximum likelihood estimator (MLE) as described in [62] is used to fit
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Figure 1.7: Typical approach for single molecule fitting routines. Raw images from the camera
are processed to identify and localize the positions of well separated single emitters, predicting
their positions with a higher degree of positional certainty.

the single molecule intensity profiles. The measure of the average curvature of the loglikelihood around the maximum likelihood estimate is called the Fisher information. The
inverse of the fisher Information is called the Cámer-Rao lower bound and allows us to
bound the variance of the estimation [63]. This approach allows us to estimate both the
position of the single molecule and the level of uncertainty for the fit.

Single Particle Tracking
Single particle tracking is an imaging approach used to capture the motion of individual
single molecules in real time. Proteins are labeled at low densities such that their fluorescence emission profiles do not overlap and can be identified over multiple frames. These
localizations are then connected to build up a diffusive trajectory (Figure 1.8). Other techniques such as fluorescence recovery after photobleaching (FRAP) have also been highly
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Figure 1.8: Overview of Single Particle Tracking. I. Single emitters are identified and localized

in sequential frames. II. Localizations are then connected in time based on the probability of them
being the same molecule and a trajectory is created of the particle motion over time.

successful in characterizing protein mobility. However, FRAP results represent ensemble
or average behavior and due to the large bleaching areas do not provide the spatial resolution or the molecular context of single particle tracking. In single particle tracking,
the imaging frame rates must be tuned such that both enough photons are captured by the
fluorescent molecule and its motion during the frame does not blur or severely compromise the emission profile. Most single particle imaging is optimally performed with bright
fluorescent probes on membrane proteins where the diffusion occurs within the context of
the 2 dimensional cellular membrane. Trade-offs between imaging rate and localization
precision are dependent on the brightness of the fluorescent probe and the underlying mobility of the particle being tracked. The mobility of membrane proteins is typically found
to be between 1 and 0.0001 µm2 /s. For most applications, localization precisions of 10-50
nm at rates of 20-30 Hz are common. These trajectories not only provide highly resolved
details of the protein spatial localization over time, but they can also be quantified to characterize protein mobility. The mean of the squared displacement (MSD) of a particle is
characterized by the diffusion constant (D).
MS D =< x >2 = (2n)D(∆t)α

(1.1)

Where n represents the dimensionality and α is a scale parameter. α<1 describes confined
motion, α = 1 describes linear/classical diffusion, and α>1 describe anomalous or directed
motion (also termed superdiffusion).
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Figure 1.9: Characterizing particle motion. A) Mean squared displacement for three different
classes of motion. Image taken from [64] B) Example single particle trajectory for FcRI undergoing random brownian motion.

Super Resolution Imaging: Single Molecule Localization Microscopy
Super-resolution imaging provides information about the spatial distribution of molecules
at resolutions between 10-50 nm [65]. It encompasses a number of techniques that pro-

Figure 1.10: Representation of Single Molecule Super-resolution Imaging. I. Single emitters blink

on at low densities over a series of frames (1-5). II. The pointspread function is fit positions for
each emitter can be fit with precision. umulative localizations build to reveal a more resolved . and
are accumulated to create a higher resolved imaging of the underlying structure. Accumulation
of the fits from corresponding to (I.) shown at the effectiv for each localization in (I.) are fit and
accumulate to reveal. The structure of a diffraction limited receptor aggregate (Top right), can be
revealed a much higher resolution (Bottom right).
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vides a high resolution fluorescence snapshot of protein distribution [65, 66]. In this work
we focus on a subset of super-resolution imaging techniques referred to as Single Molecule
Localization Microscopy. These approaches use densely labeled fixed samples, but employ specialized routines to ensure that only a sparse subset of the fluorophores emit within
a given frame. As these molecules ’blink’ on and off over time, their positions are fit in
each frame, and then concatenated together in time to reconstruct a more highly resolved
image of the underlying protein structure. There are two main experimental approaches
for localization based super-resolution imaging. The first is termed photo-activation localization microscopy (PALM) [66]. In this approach, proteins of interest are labeled with
a photoactivatable or photoswitchable fluorophores. Low levels of activating or switching illumination are used to stochastically ’activate’ a sparse subset of molecules. These
activated molecules are localized and then photobleached such that they no longer contribute to the image. This process of activating, localizing, and then bleaching is then
repeated over and over to build up enough localizations to create the desired high resolution image. This approach is advantageous in that the fluorophores are genetically encoded and so can be attached to any protein of interest. The second main approach relies
on inducing synthetic fluorophores into a long lived meta-stable ’dark’ states. A majority
of fluorophores are switched into this dark state, and only a sparse subset stochastically
transitions Originally this was accomplished using the cynine dye Cy5 linked in close
proximity to another cynine derivative Cy3 and termed stochastic optical reconstruction
microscopy (STORM) [68]. However, it has since been realized that with the addition of
specialized buffers, most dyes can be induced into a meta-stable dark state transition without the need of a second dye. This approach, termed direct STORM (dSTORM) [67], is
highly dependent on buffer conditions, laser excitation intensity, and the intrinsic fluorescent state duty cycle (Figure 1.11) of the probe. Of all fluorescent dyes tested to date,the
cynine dye derivative Alexa 647 has been found to exhibit the most optimal and robust
photophysical characteristics for dSTORM [69]. This approach is good because synthetic
fluorophores are much brighter than fluorescent proteins and can have fast switching rates
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Figure 1.11: Transition states for dSTORM imaging probes. Fluorophores absorb a photon and are

excited from the ground state (S 0 ), to an excited state (S 1 ). After initial relaxation, the molecule
can trasition to a number of intermediate ’dark’ states, or decay directly to the ground state and
release a photon (k f luor ). If a fluorophore transitions into the triplet state (T 1 , kisc ), it is vulnerable
to photobleaching. The addition of special reducing buffers increases the (kred/ox ) and promotes the
transition to a intermediary radical anion/cation state (F±). This state is long lived and protective
of photobleaching. Success in dSTORM imaging relies on the ability to transition the majority of
fluorophores into the F± such that only a sparse fraction of molecules are emitting in any given
frame. Adapted from [67].

enabling localizations to be fit with faster frame rates and better precision. The drawback
for using these synthetic fluorophores is that proteins of interest must be labeled using
specific antibody or ligands that may not be readily available.

Advances in Fluorescent Probes
For these single molecule techniques, the choice of imaging probe is crucial to success.
For single particle tracking the probes must be expressed or labeled at low densities and
they must be bright and photostable. In super-resolution imaging, the fluorescent probe
must blink at a rate that minimizes the probability of nearby fluorophores being ’on’ simultaneously while still ensuring that enough fluorophores turn ’on’ and are localized to
reveal the underlying structure with high resolution. Thus, the imaging frame rates and
localization precisions are limited by the photophysical properties of the probe. We out-
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Figure 1.12: Comparative sizing and structure for various imaging probes.

line here a few fluorescent probes, used throughout this study, and highlight some of their
advantages.
Quantum Dots: Quantum dots (QDs) are semiconductor nanocrystals that have large
extinction coefficients and quantum yeilds, and exhibit very robust photo-stability. They
are among the brightest fluorescent probes currently available. They come in a variety
of colors and have both a broad absorption and narrow emmission peak, making them
convenient for multiple color applications. The semiconducting core can be functionalized
for biological imaging and the QD attached to proteins of interest, similar to other synthetic
dyes. The QDs used in this study are functionalized with streptavidin coating, allowing
them to be conjugated to any biotinylated protein of interest. With the functionalized
surface, QDs range in size between 15-20 nm depending on the emission wavelength.
Alexa Fluor Dyes: Alexa Fluor (AF) Dyes are commercially available synthetic dyes
that are in general brighter, less pH sensitive, and more photostable then other synthetic
dye derivatives. Over 20 different AF dyes of varying excitation and emission wavelengths
exist, covering the fluorescence spectrum from 350 nm to 790 nm (emission max). These
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Figure 1.13: Photophysical properties of mNeonGreen in comparison with mGFP. Taken from

[70]

dyes are extremely small and can be purchased with convenient ester linker chemistries
that facilitate easy conjugation with primary amines. In this work we use the Alexa 488
dye as a complimentary green color for two-color imaging, and the Alexa 647 dye for its
optimal photo-physical characteristics in dSTORM imaging as described above.
GFP and mNeonGreen: First isolated from jelly fish (Aequorea victoria) by Osamu
Shimomura in 1962, Green Fluorescent Protein (GFP) is a naturally synthesized chromophore, protected from quenching by the cellular environment by a barrel of beta sheets.
Through genetic engineering, the GFP sequence can be fused to any protein of interest,
resulting in a fluorescent variant. Many different fluorescent proteins, exhibiting a range
of colors and fluorescent properties now exist. mNeonGreen is a recent fluorescent protein, engineered from LanYFP, a yellow fluorescent protein isolated from cephalochordate
Branchiostoma lanceolatum. A comparison of the fluorescent properties for mNeonGreen
and mGFP are shown in table.
Fluorogen Activating Protein (FAP): Fluorogen Activating Protein describes a family
of proteins that activate the fluorescence of an otherwise non-fluorescent dye [71]. The
proteins are genetically expressible and are based on single-chain variable fragment antibodies with specific molecular recognition properties for their cognate dyes, termed fluorogens. Binding of the dyes results in significant enhancements in extinction coefficients
and fluorescence quantum yeild, but is fully reversable. Unbound dye is effectively nonfluorescent, limiting any background fluorescence. These probes combine the specificity
of genetic engineering and the convenience of exogenous labeling. In this work we describe the development of the malachite green (MG) binding FAP for both single particle
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Figure 1.14: Mechanism of Fluorogen Activating Proteins (FAP). Fluorogen dye is nonfluorescent (’Off’) when free in solution. After binding to the FAP the dye becomes fluorescent
(’On’) and can be visualized.

tracking (Chapter 2) and for super-resolution imaging (Chapter 4).

Total Internal Reflection Microscopy
Total Internal Reflection Fluorescence Microscopy is a technique that limits the excitation
of a sample to a small volume normally 50-200 nm above the coverglass-sample interface.
When light waves traveling through a medium of one index of refraction n1 , encounter an
interface into a second medium of a lower index of refraction n2 at an angle of incidence
θ1 defined normal to the interface, the light waves are refracted through the interface at an
angle theta2 . The relationship between, is described by Snell’s law:
n1 sinθ1 = n2 sinθ2

(1.2)

The incident angle at which the light is no longer refracted through into the second medium,
when θ2 = 90◦ , is termed the critical angle θc and can be defined as:
θc = arcsin(

n2
)
n1

(1.3)

Although there are no light waves that pass through the interface with incident angle of
or above θc , the reflected light does generate a highly restricted electromagnetic field
that propagates adjacent to the interface and is exponentially attenuated into the second
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medium. This field is known as the evanescent wave and the transmitted intensity decays
exponentially as a function of distance from the boundary. Application of this concept
for cell biology was first described by EJ Ambrose 1956 and then implemented by Axelrod 1980s. By illuminating a cell plated onto coverglass at the critical angle, only fluorophores in the immediate cell volume directly above the basal surface are illuminated
by the evanescent wave. By removing all intensity contributions from fluorophores outside the focal plane, the signal to noise ratio is greatly improved for fluorescent signals at
the basal membrane. Super-resolution is most commonly implemented in TIRF to ensure
that localizations come from a single imaging plane and to improve the signal to noise of
the localizations. In addition, TIRF has more recently begun to be utilized for imaging
the movement of cytosolic proteins to the cell surface. In this work we use TIRFM to
visualize the recruitment of the cytosolic kinase Syk to the membrane receptor FcRI. In
the Appendix we describe a straight forward and relatively low cost optical adaptation to
the Olympus IX71 inverted microscope that was implemented to provide TIRM imaging
capabilities for the University of New Mexico Fluorescence Microscopy Facility 7.8.
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1.3

Scope of Thesis

Healthy immune cell behavior requires sensitive and robust control over the processes that
regulate signal transduction. It is clear that differences in protein expression levels and ligand binding affinities can not sufficiently explain the degree of signal integration and fine
tuning observed in immune cell responses. Advances in fluorescence microscopy over the
last two decades have made it possible to observe the distribution and dynamics of proteins
with a high degree of spatial and temporal resolution. It is now becoming more widely appreciated that regulation of signaling thresholds also requires changes in the nanoscale organization and dynamics of membrane receptors and their associated adapter proteins. In
this work we employ single molecule fluorescence imaging techniques to quantify adapter
protein recruitment, lateral mobility, receptor aggregation, and cytoskeletal organization
to create a better understanding of many key processes in immune cell regulation. This
thesis is organized into two major sections.

In Part I we focus on mast cell activation through FcRI. Mast cell signaling encompassing a wide array of cellular outcomes including calcium flux, release of pre-formed
inflammatory mediators and the production of cytokines. Careful control over appropriate
reactions to external antigens is necessary for mast cells to properly function within the
context of an immune response. For example, a recent study demonstrated that ligand
affinity can shift the profile of mast cell cytokine release; high affinity ligands induce the
production of cytokines resulting in neutrophil recruitment whereas low affinity ligands
induce cytokine production that results in macrophage recruitment [43]. However, it was
unclear from this study how ligand affinity translated into a signaling response, because
levels of FcRI ITAM phosphorylation at the concentrations used in the study were almost
identical.
In the work presented here, we explore the Central Hypothesis: The duration of
Syk binding to FcRI controls the potency of signaling. Binding of Syk to FcRI re-
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leases the kinase domain from auto-inhibition, effectively activating it at the membrane.
We speculate that the lifetime of this interaction regulates the duration of functional Syk
activity. There is evidence that Syk phosphorylation induces a structural change effectively locking it into its active conformation independent of ITAM binding. Thus, it is
also possible that Syk activity could continue after dissociating from FcRI. However, it
has also been shown that monovalent antigen, which quickly breaks up FcRI aggregates,
very rapidly abrogates signaling responses. Therefore, the influence of this form of ITAM
independent active Syk may be limited due to quick dephosphorylation from surrounding
phosphatases. In the context of immune signaling, this would ensure that responses only
occur throughout the duration of the stimulus, making it robust to spurious cross-linking
events.
In addition to the correlation between timing and signaling, if the concentration and
availability of Syk in the cytoplasm was limited relative to available phosphorylated FcRI
ITAMs at the membrane, we hypothesize that the local density of FcRI could mediate
the activity of Syk. This would occur through the serial rebinding of an individual Syk
molecule to multiple FcRI at the membrane before diffusion into the cytosol. This effect
would therefore increase the duration over which an individual Syk molecule remained
active. This mechanism has been predicted via computational modeling to explain how
receptor clustering creates a more efficient signaling environment [72], yet has never been
verified in cells.
To test these hypotheses, we develop two single molecule imaging approaches that enable us to observe the spatio-temporal activity of Syk at the membrane and compare it with
the spatial distribution of FcRI. In Chapter 2 we investigate how antigen binding regulates the spatio-temporal distribution of the intracellular FcRI ITAM domains (Aim 1).
The antigen binding and signaling domains of FcRI are carried on different subunits. Because no studies to date have thoroughly investigated the integrity of the FcRI complex,
it remains unclear how antigen binding regulates the dynamics and spatio-temporal distri-
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bution of the intracellular signaling ITAM domains. We address this by quantifying the
dynamics and localization of the of the FcRIγ subunit relative to the FcRIα subunit. We
utilize FAP to fluorescently tag the FcRIγ subunit, and demonstrate its versatility as a
novel probe for single particle tracking. Direct labeling of the FcRIγ also allows us to
address long standing questions regarding the influence of IgE binding on receptor behavior. Given our understanding for how antigen addition regulates FcRI signaling domains,
we next explore in Chapter 3 how FcRI aggregation regulates its association with Syk
(Aim 2). To quantify FcRI-Syk interactions, we develop an imaging approach that allows us to visualize the binding of individual Syk molecules at the basolateral membrane
in living cells. The size and density of FcRI aggregates exhibits a dose dependent increase
when cross-linked via the high valency antigen DNP25 BSA (Figure 7.5). Therefore, we
use varying concentrations of DNP25 BSA as a control to characterize how the lifetime
of Syk changes as a function of FcRI aggregation. In conjunction with this approach,
we use two color imaging to directly compare the correlation of the residence time of an
individual Syk molecule at the membrane to the density of FcRI it co-localizes with.
To understand how the duration of FcRI–Syk interactions regulates signaling (Aim 3),
Chapter 3 describes how two mutations into the interdomain A region of Syk (Y130E
and Y130F). These mutations have previously been reported to influence Syk association
with the BCR ITAM CD3 and the binding affinity in vitro of isolated Syk tandem-SH2
domains to FcRI γ peptide. We predict that these mutations to Syk will also influence its
interaction with FcRI in vivo. We use these mutations to correlate changes in the duration
of Syk–FcRI interactions to signaling readouts.
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Summary of Hypothesis and Specific Aims
Central hypothesis: The duration of Syk binding to FcRI controls the potency of
signaling.
Specific Aims:
1) Characterize how antigen binding regulates the spatio-temporal distribution of the
intracellular FcRI ITAM domain
2) Quantify how FcRI aggregation influences the duration of its association with Syk
3) Characterize how the lifetime of FcRI-Syk interaction regulates signal propagation
In Part II we demonstrate how super-resolution imaging can provide new insights into
immune cell biology. In Chapter 4 we report on the development of FAP as a novel probe
for super-resolution imaging and live cell super-resolution imaging of intracellular structures (specifically the actin cytoskeleton). In Chapter 5 we use super-resolution imaging
to quantify the nanoscale aggregation of FcγRI. Cytokine stimulation of FcγRI expressing
cells results in increased affinity of the cells to immune complexes. Interestingly, this is
accomplished without changes to FcγRI membrane expression levels. We investigate the
hypothesis that changes in avidity, induced by FcγRI aggregation, promote the observed
increase in immune complex affinity. Using dSTORM and dual-color dSTORM we assess the influence of cytokine stimulation on FcγRI distribution in a model pro-B cell line
and in primary monocytes. In Chapter 6 we use super-resolution imaging to explore the
nanoscale architecture of the podosome mechano-sensory assembly in dendritic cells. Podosomes are inherently dynamic structures, regulated by the coordinated effort of adhesive
integrins, tension-sensing adaptor proteins, and the protrusion of actin cores. The lack of
high resolution detail regarding the relative localization of these components has limited
the ability to measure the relationship of podosome composition to mechano-sensory behavior. Using dual-color dSTORM we are able to compare the nanoscale structure of the
podosome actin core with the distribution of the αMβ2 integrin and the adapter proteins
vinculin and talin.
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2.1

Abstract

Crosslinking of IgE bound FcRI on mast cells and basophils by multivalent antigen leads
to degranulation and the release of key inflammatory mediators that stimulate the allergic response. Here, we present and characterize the use of Fluorogen Activating Proteins
(FAPs) for single particle tracking of FcRI to investigate how receptor mobility is influenced after IgE induced changes in mast cell behavior. FAPs are genetically encoded tags
that bind a fluorogen dye and increase its brightness upon binding up to 20,000-fold. We
demonstrate that by titrating fluorogen concentration, labeling densities from ensemble to
single particle can be achieved, independent of expression level and without the need for
wash steps or photobleaching. The FcRI γ-subunit fused to a FAP (FAP-γ) provides,
for the first time, an IgE-independent probe for tracking this signaling subunit of RI at
the single molecule level. We show that the FcRI γ-subunit dynamics are controlled by
the IgE binding γ-subunit and that the cytokinergic IgE, SPE-7, induces mast cell activation without altering FcRI mobility or promoting internalization. We take advantage
of the far-red emission of the malachite green (MG) fluorogen to track FcRI relative to
dynamin-GFP and find that immobilized receptors readily correlate with locations of dynamin recruitment only under conditions that promote rapid endocytosis. These studies
demonstrate the usefulness of the FAP system for single molecule studies and have provided new insights into the relationship between FcRI structure, activity and mobility.

2.2

Introduction

The targeted response of immune cells to their surrounding environment is mediated through
a family of multichain immune recognition receptors (MIRR), typified by the B-cell receptor, T-cell receptor and high affinity IgE receptor (FcRI) [73]. These receptor systems
share a common mechanism of activation in which receptor crosslinking by antigen initiates Src family-mediated phosphorylation of immunoreceptor tyrosine based activation
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motifs (ITAMs) and propagation of signaling that results in the release of inflammatory
mediators and production of cytokines [2–4]. MIRRs also share the common structural
feature that the extracellular ligand-binding domains and intracellular ITAM containing
domains are carried on separate subunits that interact via non-covalent interfaces between
transmembrane regions [74]. For each of the MIRR family members, antigen binding is associated with changes in receptor dynamics and topography [41, 75, 76]. The role of such
spatio-temporal changes in regulating signaling remains unclear. In the case of FcRI,
most investigators had concluded that receptor immobilization was requisite for signal initiation [76,77]. However, more recently work from our group has demonstrated that small,
mobile FcRI clusters induce Syk kinase activation and near-maximal secretion [58]. This
finding was made possible through the ability to monitor the molecular-level dynamics of
individual IgE-FcRI during signaling.
FcRI is comprised of four subunits; an α-subunit that binds IgE and β and two γ subunits
that contribute ITAMs for signaling (Figure 2.1A). The high affinity of the α-subunit for
IgE has provided an opportune method for labeling, as fluorophores can be conjugated
to IgE using common linking chemistries [57, 58, 78]. While this approach has provided
many new insights into FcRI signaling mechanisms, the use of fluorescently-labeled IgE
has two major limitations. First, IgE binds specifically to the α-subunit of FcRI, meaning
that the dynamic behavior of the ITAM bearing β and γ - subunits has not been directly
characterized. Early electron microscopy studies suggested that FcRI subunits did not remain intact after crosslinking [79] and studies of the BCR have suggested that its antigen
binding and signaling receptor subunits dissociate, allowing for prolonged signaling at the
membrane after the antigen bound subunits internalize [80]. Conversely, more recent fluorescence microscopy experiments have shown colocalization of both α and γ - subunits
within EEA1 positive early endosomes after antigen cross-linking, suggesting that the receptor subunits do remain intact [81]. These previous studies used immunofluorescence
and biochemical techniques that cannot provide high-resolution information about receptor dynamics. Second, the general use of fluorescent-IgE to label FcRI means that recep-
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tor behavior in the absence of IgE has not been detailed. Traditionally, IgE binding was
considered a passive event, with signaling only occurring after multivalent antigen/allergen
was captured by IgE-FcRI complexes. However, it is now clear that IgE-binding can itself exhibit a spectrum of effects on mast cells, ranging from increased cell survival and
proliferation to complete activation [20,22,24,82]. IgE binding has been shown to increase
FcRI membrane expression by >2 fold in RBL-2H3 cells [17] and (Supporting Information Figure 2.6A) and > 6 fold in murine bone marrow mast cells [18]. Stabilization of
FcRI at the plasma membrane is a result of decreased receptor turnover, rather than increase expression [19, 83], but the mechanism of stabilization is mostly uncharacterized.
Additionally, a class of IgE, termed ’cytokinergic’, has been shown capable of inducing
the release of cytokines and inflammatory mediators independent of antigen [23]. Serum
IgEs taken from human patients with chronic inflammation or allergic diseases exhibit
more cytokinergic properties than IgEs taken from healthy donors, suggesting that these
stimulating IgEs play an important role in autoimmunity and chronic diseases [82]. The
exact mechanisms through which cytokinergic IgEs trigger a response is still an active
area of research. Because small variations in the IgE variable region are thought to be
responsible for changes in cytokinergic IgE potency [20, 24], fluorescent labeling could
result in unintended changes to its cytokinergicity. To overcome these limitations, a new
method for following FcRI that is independent of IgE and reports on the behaviors of
the signaling subunits is needed. In this work, we extend the studies of FcRI single
molecule dynamics with the introduction of Fluorogen Activating Protein (FAP) [71] at
the N-terminus (extracellular domain) of the FcRI γ-subunit (FAP-γ). This construct allows us to directly follow, for the first time, the signaling subunit of FcRI, independent
of IgE. FAPs are genetically expressible single chain antibody fragments with molecular
recognition properties for cognate dye partners termed fluorogens. Binding of fluorogen
to the FAP restricts molecular rotations around double bonds in the fluorogen structure
and results in significant enhancements in extinction coefficient and fluorescence quantum
yield [71]. This process (Figure 2.1A) is fully reversible and unbound fluorogen, even

29

Chapter 2. Fluorogen Activating Proteins for Tracking of FcRI

if previously bound, is essentially non-fluorescent. A number of spectrally distinct FAP
variants exist [84] and have been used successfully for live cell confocal microscopy and
flow cytometry studies [85, 86]. Recently, it was shown that the MG fluorogen coupled
to its cognate FAP, exhibited the brightness and photostability needed for single molecule
localizations [87]. Here, we further characterize the fluorogen properties to evaluate its
effectiveness as a single particle tracking (SPT) probe. We show that the FAP-tag is a versatile tool for live cell imaging and SPT of membrane receptors. The MG fluorogen, with
excitation and emission in the far-red can be fused with a polyethylene glycol (PEG) group
to render it membrane impermeable, meaning only receptors at the cell surface have the
extracellular FAP tag accessible for binding. Importantly, fluorogen binding is fast, and
does not require special buffers or wash steps. Tracking of FAP-γ allowed us to determine,
on living cells, that the α- and γ-subunits have equivalent dynamic behavior after antigen
crosslinking. We also found that IgE binding causes no change in receptor mobility, even
when using concentrations of the cytokinergic IgE SPE-7 that lead to calcium mobilization
and mast cell degranulation. Activation with SPE-7 resulted in delayed endocytosis kinetics compared to high valency antigen. Taken together, these results suggest that FcRI
immobilization is correlated with internalization, but not a prerequisite for signaling.

2.3
2.3.1

Results and Discussion
FAP-γ acts as a functional subunit of FcRI

To monitor FcRI behavior in living cells, we generated a human FcRI γ-subunit tagged
with the HL4.1 FAP attached at the N-terminus (FAP-γ, Figure 2.1A). We expressed the
FAP-γ fusion protein in RBL-2H3 cells that endogenously express FcRI. Priming of
FcRI with IgE has been shown to stabilize the receptor at the plasma membrane [19, 83].
Consistent with this, overnight addition of Alexa Fluor® 488 (AF488) H1-DNP--206 IgE
resulted in a 2.4 fold increase in IgE-FcRIα and a 2.2 fold corresponding increase in
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surface FAP-γ (Supporting Information Figure 2.6A Because IgE binds only the FcRI
α-subunit, the coordinated increase in FAP-γ expression after priming suggests that FAPγ directly associates with the α-subunit. Co-immunoprecipitation experiments demonstrated directly that both the endogenous α- and β-subunits can be isolated in complex
with FAP-γ and that after receptor crosslinking with multivalent antigen the FAP-γ becomes phosphorylated (Supporting Information S1B). Thus, the presence of endogenous
FcRIγ does not interfere with the ability of the FAP-γ to incorporate into the receptor
complex and become activated. Cells expressing FAP-γ also showed normal degranulation and downstream phosphorylation of Syk (Supporting Information Figure 2.6C,D)
suggesting that overexpression of FAP-γ does not alter cellular response to antigen. Addition of membrane-impermeant MG fluorogen to cells expressing FAP-γ showed specific
labeling of FAP at the cell surface (Figure 2.1B right), which could be easily titrated to the
low concentrations needed to follow individual FcRI at the cell surface (Figure 2.1B left).
These results indicate that the FAP-γ fusion protein is localized to the plasma membrane,
incorporated into the FcRI receptor complex and capable of signaling.

2.3.2

FAP probes for single particle tracking

To demonstrate the potential of the FAP-MG system for SPT, we characterized single particle track length, brightness and labeling density. SPT requires labeling densities such
that individual fluorophores can be identified and tracked over time. Since the MG dye is
added at the time of imaging, the fluorogen concentration can easily be adjusted to achieve
single molecule labeling densities (Supporting Information Movie 1). Figure 2.2A shows
SPT performed on the same cell with increasing fluorogen concentrations. As fluorogen
concentration is increased, the number of molecules tracked increases, demonstrating the
simplicity and flexibility of the FAP-based labeling approach. In SPT, it is important to
use fluorophores that emit enough photons for precise detection at high frame rates, otherwise mobility estimates are inaccurate due to reduced localization precision. We found
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Figure 2.1: A) The HL4.1 FAP tag was fused to the extracellular N-terminus of the FcRI γsubunit. Fluorogen dye is dark when free in solution but becomes fluorescent upon binding to its
corresponding FAP. B) Labeling density can be adjusted at the time of imaging on live cells by
controlling the concentration of added fluorogen. Single molecule densities for SPT are achieved
by addition of fluorogen dye at concentrations below the binding kd (left). Higher fluorogen concentrations result in saturating labeling density (right).

the brightness of the MG-FAP complex to be equivalent to other fluorescent proteins31,
with localization precision between 20-25 nm (417 mean photons/emitter/frame) with total internal reflection (TIR) illumination at the adherent membrane and 30-35 nm (308
mean photons/emitter/frame) using wide field excitation on the apical membrane (Figure 2.2B,C). We found that photobleaching of the fluorogen governs track length (Supporting Information Figure 2.8A), consistent with the slow dissociation of the MG from
HL4.130. However, the HL4.1 bound MG is photostable enough to provide trajectories
with half-lives on the order of seconds (Figure 2.2D), sufficient for calculating protein
mobility. In addition, the emission of the fluorogen is continuous (Figure 2.2D inset), removing the need for tracking corrections due to blinking, as is needed with probes such as
quantum dots (QDs) [57, 88].
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Figure 2.2: A) MG was added at increasing concentration to the same cell and tracked over 1000
frames for each concentration. Track densities ranging from <1 track/µm2 to >5 tracks/µm2 can
be easily adjusted by controlling dye concentration. B) Histogram of equivalent detected photons
for single molecule fits of individual MG fluorogen bound to the FAP-γ probe when imaging on the
apical (dashed line) or basal (solid line) surface. C) Histogram of the corresponding localization
precisions obtained for single molecule fits in (B). D) Distribution of tracks lengths for trajectories
of individual fluorogens. Inset: Fit intensity over time for an example trajectory exhibits uniform
intensity. An acquisition rate of 20 frames/sec was used for all single particle tracking experiments.

2.3.3

FcRI α- and γ-subunits remain together during signaling

We first used the FAP-γ as a probe for the FcRI signaling subunit, to determine whether
the tetrameric receptor complex remains intact before and after activation. Fluorescentlylabeled IgE was used in conjunction with FAP-γ to simultaneously follow the α- and γsubunits before, during, and after activation. Using high concentrations of MG (10 nM),
we labeled FAP-γ at the membrane and compared its distribution with that of the γ-subunit
labeled with saturating levels of AF488-labeled IgE (Figure 2.3). In the resting state,
both the α- and γ-subunits are found uniformly distributed on the plasma membrane (Figure 2.3A, Resting). After addition of 1 µg/ml DNP-BSA, large receptor aggregates are
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formed that contain both subunits (Figure 2.3A, +DNP). Because DNP-BSA binds to the
DNP-specific IgE on the α-subunit, the observed co-clustering indicates that the γ- subunit
remains within the receptor complex after crosslinking. In response to crosslinking at high
antigen doses, FcRI endocytosis can be observed within 2 min [58]. After 7 min, we observed vesicles containing both subunits undergoing directed transport (Figure 2.3B, Supporting Information Movie 2). These results agree with similar studies done in fixed cells
labeled with an anti-FcRIγ antibody [81]. Because receptor phosphorylation and calcium
mobilization occur within one minute of antigen addition [58], while convincing, these ensemble measurements cannot provide insight into the receptor stability during the initial
signaling events. To address this, we titrated down the concentration of both fluorogen
dye and labeled IgE such that single molecule density was achieved. Either QD585-IgE
or AF488-IgE was used for tracking on the apical or basal surface, respectively, in conjunction with saturating concentrations of dark IgE to ensure all receptors could engage
antigen. The spectrally distinct IgE and FAP-γ probes allowed for simultaneous single
molecule tracking of the subunits. In the resting state, we found that the α- and γ- subunits exhibit identical mobility (Figure 2.3C, solid lines). After addition of DNP-BSA at
a concentration previously shown to cause immediate receptor immobilization [58], both
subunits showed a similar reduction in mobility (Figure 2.3C, dashed lines). In previous
work [58], we have shown that only receptors that are directly engaged by antigen will
immobilize under these conditions. Therefore, the observed decrease in FAP-γ mobility
is not simply due to a global change in membrane organization, but a result of interactions with the crosslinked α-subunit. While crosslinking led to subunit co-aggregation,
co-endocytosis and reduced mobility after 5 min, subtle differences in behavior could
have still been missed due to the time scale of these measurements. To investigate this
possibility, we compared the kinetics of receptor immobilization. By calculating a diffusion coefficient from trajectories over a sliding window of 20 frames, we tracked changes
in receptor mobility with 1 second time resolution (Figure 2.3D). Comparing QD585-IgE
and FAP-γ mobility on the apical surface revealed that both subunits immobilize rapidly
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Figure 2.3: A) RBL cells expressing FcRI FAP-γ labeled with saturating concentrations of
AF488-tagged H1-DNP--206 IgE (green) and MG fluorogen (red). Both subunits are uniformly
distributed on the plasma membrane in resting cells (top). Crosslinking with 1 µg/mL DNP-BSA
leads to co-clustering and co-internalization of the α- and γ-subunits (bottom). B) Active transport
of a vesicle (white arrows) containing both α- and γ-subunits. C) Simultaneous SPT of α- and
γ-subunits shows similar dynamic behavior. Mobility is represented as the cumulative probability
distribution of squared displacements (∆t=2 frames). D) Immobilization kinetics of FAP-γ and
QD585-IgE on the apical cell surface during DNP-BSA addition (black arrow).

after antigen addition with similar kinetics (Figure 2.3C). These findings provide strong
evidence that the FcRI complex remains intact throughout crosslinking, activation and
endocytosis. Additionally, the stability of the receptor complex indicates that the behavior
of the FAP-γ probe reflects the overall FcRI behavior.
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2.3.4

IgE binding does not alter FcRI mobility

We next took advantage of our FAP-γ probe to investigate the influence of IgE binding
on FcRI mobility, using both non-cytokinergic H1-DNP-206 IgE and the highly cytokinergic SPE-7 IgE. H1-DNP-206 IgE is known to stabilize the receptor at the plasma
membrane by preventing receptor turnover [19,83] (Supporting Information Figure 2.6A).
SPE-7 IgE promotes Ca2+ mobilization within minutes and degranulation (Supporting Information Figure 2.7A,B) [20, 23] similar to that seen with crosslinking antigen. Since
these two IgE isoforms elicit different physiological responses, it could be expected that
they would also induce unique changes in receptor mobility. Previous studies using time
resolved phosphorescence anisotropy have demonstrated that SPE-7 IgE displayed decreased rotational mobility compared to H1-DNP-206 IgE on RBL cells, which was attributed to receptor aggregation [23]. However, we observed no change in mobility for up
to 30 min after IgE addition (Figure 2.4A,B). These results indicate that the mechanism of
action for both types of IgE is not dependent on significant shifts in mobility. In the case
of non-cytokinergic IgE, one explanation could be that receptor endocytic events in the
absence of IgE are too infrequent to be captured using the low labeling densities needed
for SPT. Therefore, subtle changes in a small fraction of receptors may not be reflected in
our measurements. In terms of SPE-7, the current hypothesis is that cytokinergic IgEs exhibit either an increased self-affinity or an affinity towards some intermediate auto-antigen
(dsDNA, Histamine Releasing Factor (HRF), thyroglobulin, β-galactosidase, etc) [20, 24],
which promote the formation of small scale FcRI aggregation. Interestingly, the concentration of cytokinergic IgE needed to induce a signal is well above saturation, meaning
that all receptors are SPE-7 bound and an excess of SPE-7 is in solution. This suggests
a role for free IgE in solution in the activation mechanism of SPE-7 [24]. While high
doses of multivalent antigen cause receptor immobilization (Figure 2.3), our own SPT
studies have shown that antigen induced changes in FcRI mobility are proportional to
antigen concentration and aggregate size, rather than signaling capacity [58]. In fact, the
use of low-valency crosslinker stimulates robust mast cell activation, without a measurable
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Figure 2.4: A) SPT of RI in the absence of IgE (red) or 30 min after addition of either H1-

DNP--206 IgE (green) or SPE-7 IgE (blue). Mobility is represented as the cumulative probability
distribution for all squared displacements (∆t=2 frames). B) No immediate change in FcRI diffusion was observed upon IgE addition. SPT time series were collected after addition of IgE for
up to 30 min. For the two initial time points, data was collected from 1-3 min and 4-6 min and
binned for analysis. For the 0, 10, 20, 30 min time-points, data was binned into 5 min time intervals, beginning at the indicated time point. Diffusion coefficients were calculated as the linear fit
of the ensemble MSD for all trajectories within the time window. Error bars for initial time points
represent 95% confidence interval of the linear fit. Error bars for all other time points represent the
standard deviation over multiple measurements.

change in FcRI mobility [58] and a recent study from Shelby et. al used live cell superresolution imaging to provide evidence for receptor signaling before immobilization11.
Therefore, the observation that SPE-7 IgE can initiate signaling without altering FcRI
mobility is consistent with the formation of either very small aggregates (i.e. dimers,
trimers) or transient interactions.

2.3.5

Immobilization correlates with FcRI internalization

For many membrane receptors, phosphorylation and ubiquitylation lead to internalization,
which is thought to ultimately terminate signal propagation [89]. However, previous studies of FcRI have indicated that phosphorylation is not required for endocytosis [90]. It
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was further shown that receptor mobility is correlated with aggregate size and that large,
immobile aggregates are internalized even when the receptors are not phosphorylated [58].
Therefore, we postulated that if SPE-7 IgE induces robust signaling without altering mobility, SPE7-bound FcRI may have delayed internalization. We took advantage of the
extracellular FAP-γ to quantify the influence of IgE binding on receptor internalization
kinetics. Although the FAP can be used for quantification of membrane expression levels
by flow cytometry (Supporting Information Figure 2.6A), we found that mast cell activation resulted in a change in membrane permeability that allowed MG cytoplasmic uptake
and prevented us from using the FAP-tag to quantify endocytosis. This is perhaps not
surprising since FcRI activation leads to dramatic changes in the actin cytoskeleton and
membrane ruffling as well as fusion of granules with the plasma membrane35. Instead of
labeling with fluorogen, we took advantage of the presence of an additional HA-tag at the
N terminus of the FAP -γ and labeled surface receptors using an AF488-conjugated antiHA antibody. The addition of 1 µg/mL DNP-BSA antigen leads to rapid loss of FcRI
from the plasma membrane10. However, addition and maintenance of cytokinergic SPE-7
IgE in the media did not immediately alter FcRI cell surface levels (Figure 2.5A). We
found that within the time frame of our SPT experiments (30 min), SPE-7 IgE did not
induce any significant changes in surface receptor levels (Figure 2.5A) and no change was
observed until 1.5 hours after addition. Consistent with previous studies24, receptor expression is slightly elevated after 24 hours, though the effect is not as pronounced as with
H1-DNP--206 IgE (Figure 2.5A). Taken together with our observation that SPE7 does
not alter receptor mobility, these results are consistent with the idea that activated receptors are not efficiently internalized when they do not immobilize10. It was shown that
the survival effects seen with cytokinergic IgE are dependent on prolonged calcium influx
and ERK phosphorylation [91]. The delayed endocytosis of SPE-7-bound FcRI therefore, may maintain signaling at the membrane for the extended times needed to promote
mast cell survival [24]. To better understand the mechanism of FcRI endocytosis, we used
two-color imaging to directly correlate FcRI mobility with endocytic structures. We com-
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pared the single molecule trajectories of FcRIγ with the recruitment of spectrally distinct
dynamin-GFP. Dynamin is required for FcRI endocytosis after crosslinking [92]. Using
TIR illumination, which excites fluorophores < 200 nm from the adherent membrane, we
visualized only dynamin recruited to the cell surface. After addition of 1 µg/mL DNP-BSA
we observed that immobilized FcRI trajectories correlated well with dynamin localizations at the membrane. We found examples of both FcRI immobilization at sites where
dynamin was already present (Figure 2.5B bottom, Supporting Information Movie 3), as
well as the appearance of dynamin under immobilized FcRI (Figure 2.5B top, Supporting Information Movie 4). To quantify these results, we calculated the mean squared jump
distance of FcRI trajectories as a function of receptor-dynamin proximity (Figure 2.5C).
We found that, after addition of high concentrations of antigen, shorter FcRI jumps correlated directly with sites of dynamin occurrence (Figure 2.5B middle), matching well with
our qualitative observations. This correlation was not observed for receptors in the presence of either SPE-7 IgE or H1-DNP--206 IgE, agreeing with our flow cytometry studies
(Figure 2.5A). We also did not see a correlation between jump size and dynamin localization when no IgE was present. These results are also consistent with our SPT experiments
(Figure 2.4) in which no change in receptor mobility was observed with IgE addition. It is
important to note that because of the low labeling densities and expression levels needed
for this imaging approach, we cannot directly infer a causal relationship between FcRI
immobilization and dynamin recruitment. Nevertheless, the observation that immobilized
receptors co-localize with dynamin at the membrane strengthens the link between receptor
mobility and internalization.
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Figure 2.5: A) Cell surface levels of FAP-γ were quantified by flow cytometry after addition of
either H1-DNP--206 IgE (dark blue) or SPE-7 IgE (light blue) at 10 µg/mL for the indicated time.
Error bars represent the standard deviation over multiple measurements. B) SPT of FAP-γ using
TIR illumination on the basal surface of cells co-expressing dynamin-GFP within 2 min of DNPBSA addition. Examples of dynamin appearance below immobile FAP-γ trajectories (top) as well
as FAP-γ immobilization correlated with dynamin localization (bottom). Scale bar, 500 nm. C)
The correlation between FcRI-FAP-γ mobility and proximity to dynamin is quantified by plotting
the normalized mean squared jump distance as a function of distance from dynamin-GFP. Addition
of DNP-BSA shows short jumps correlate with dynamin (dark blue). This effect was not observed
for receptors in the absence of IgE (brown) or after 30 min addition of H1-DNP--206 IgE (red) or
SPE-7 IgE (pink).
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2.4

Conclusion

We have shown that FAP-tags have sufficient brightness and specificity for SPT studies
of membrane receptors. Using a FAP-tagged RI γ-subunit, we investigated the molecular scale dynamics of the receptor independent of IgE. We took advantage of the tunable
labeling densities easily attainable with the FAP-fluorogen probe to combine SPT experiments with ensemble wide field imaging and flow cytometry. This allowed us to directly
address two outstanding questions concerning FcRI: does the receptor remain as a stable
complex throughout signaling; and how does the addition of IgE, both non-cytokinergic
and cytokinergic, influence receptor mobility and internalization. First, we found that
the antigen binding FcRI α-subunit and the signaling γ-subunit both immobilize with
identical kinetics after addition of high concentrations of crosslinking antigen and at later
times co-localize within endosomes. While we have not yet examined the dynamics of the
FcRI β-subunit, these results provide compelling evidence that the dynamic behavior of
the signaling subunits of FcRI is regulated by its antigen-bound α-subunit. Second, we
find that the activating cytokinergic IgE SPE-7, while shown to induce Ca2+ mobilization
and degranulation independent of antigen, does not alter FcRI mobility or promote immediate receptor internalization. This suggests that cytokinergic IgEs influence mast cell
behavior through the formation of small aggregates or a series of transient interactions,
insufficient to induce immobilization but sufficient for initiating signaling. Third, we used
two-color imaging to correlate receptor mobility with localization to endocytic structures.
Under conditions in which FcRI does rapidly internalize, immobile receptors were found
to readily associate within dynamin structures at the plasma membrane. Taken together,
these results are consistent with the idea that immobilization is not a requirement for signal
initiation, but is associated instead with receptor internalization [58]. The IgE-independent
labeling approach presented here will be useful in further studies to better understand the
triggers for FcRI activation. More generally, the tunable labeling approach provided by
the FAP-tag will be directly applicable to the study of many other receptor systems.
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2.5

Experimental Methods

Cell Lines
Rat basophil leukemia cells were cultured in MEM supplemented with 10% heat inactivated FBS, puromycin and L glutamine. The HL4.1 FAP-tag vector was provided by the
Molecular Biosensor Imaging group at Carnegie Mellon University. Stable RBL cell lines
were generated by transfecting with FAP-γ (HL4.1) using the Amaxa system according to
manufacturer instructions (Solution L, Program T-20) and stable selected with Geneticin.
Reagents
H1-DNP--206 IgE was prepared as described previously (Liu et al., 1980). SPE7 IgE
(D8406) and DNP-BSA containing 25 DNP per BSA (A23018) were both purchased from
Sigma. AF488 dye was from Invitrogen. Anti-HA AF488-labeled antibodies were from
Cell Signaling (6E2). MG fluorogen was provided as MG-2p by the CMU Molecular
Biosensor Imaging group. AF488 labeled H1-DNP--206 IgE was prepared using the
antibody labeling kit (Invitrogen) giving a final dye to protein ratio of 3:1. The DynaminGFP plasmids was a gift from Dr. Sandra Schmidt (UT Southwestern). Unless specified,
SPE7 IgE was used at 10 µg/mL, a concentration previously shown to induce a robust response [20, 23].
Live Cell Imaging
Cells were grown on piranha cleaned coverslips for 4-10 hrs in phenol free MEM medium
supplemented with Penicillin Streptomycin and L-glutamine. Cells were imaged in Hanks
Buffered Saline Solution (HBSS) maintained at 35◦ C using a Bioptics objective heater.
IgE was pre-incubated for the durations specified in HBSS at 37◦ C and then imaged. Between 500 pM and 10 nM of MG fluorogenic dye was added [71] at the time of imaging
to achieve labeling densities for SPT or high density ensemble images.
Image Acquisition
All data was collected using an inverted microscope (IX71; Olympus) equipped with
a 150x 1.45 NA oil-immersion, total internal reflection fluorescence objective (U-APO;
Olympus). A 637 nm laser diode (HL63133DG, Thorlabs) was used for MG excitation,
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and a 488 nm laser (Cyan Scientific; Spectra-Physics) was used for AF488 and QD585 excitation. A quad-band dichroic and emission filter set (LF405/488/561/635-A; Semrock)
set was used for sample illumination and emission. Emission light was separated onto
different quadrants of an electron-multiplying charge-coupled device (EMCCD) camera
(iXon 897; Andor Technologies), using either a four channel image splitter (QV2; Photometrics) with additional emission filters (692/40 and 525/30 nm; Semrock) or a custombuilt two channel splitter with a 585 nm dichroic (Semrock) and a 584/20 nm additional
emission filter. Images were 256 x 256 pixels with a pixel size of 0.106 Îijm and acquired
at 20 frames per second (50 ms exposure time).
Single Particle Tracking Analysis:
All analysis was performed using custom written software in Matlab (The MathWorks,
Inc.) in conjunction with the image processing software DIPImage (Delft University of
Technology). Data was pre-processed by subtracting camera offset and dividing by a gain
factor to convert image data from raw output to Poisson distributed ’counts’ as previously
described for each image frame [93]. Subregions were selected by finding the local maximum intensity of an image generated by filtering using the difference of two Gaussian
kernels. Each subregion was then fitted to a pixelated Gaussian PSF model using a maximum likelihood estimator to find the position, intensity and background [93]. Fit precision
was estimated using the Cramér-Rao lower bound values calculated using the parameter fit
and accepted or rejected based on a log-likelihood ratio test as well as intensity and background cut-offs [62]. Accepted positions were connected using a modification of a cost
matrix approach [94]. Unless specified, mobility was represented by cumulative distribution of squared displacements for all trajectories as previously described [88]. To quantify
changes in mobility over time in Figure 2.4B, a diffusion coefficient for each 5 minute
time period was estimated based on fitting the first five points (250 ms) of the mean square
displacement curve for all tracks to a weighted linear fit. To obtain the higher temporal
resolution in Figure 2.3D, a maximum likelihood estimator was used to estimate instantaneous D [95]. Individual jumps were grouped temporally using a sliding window of 20
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frames (∼1 s) according the temporal midpoint of the observations. To correctly represent the variability in measurement, data from 3 different experiments was combined and
bootstrapped as follows; 100 trials were used in which 1/5 of all trajectories were chosen
at random to calculate the instantaneous D over a sliding window of 20 frames. For each
sliding window time point, the standard deviation over all trials was used as the upper and
lower error bound. A student’s t-test was used to compare the mean values at each time
point between the channels. P-values > .05 were found consistently across all time points
indicating that differences were not significant.
Flow Cytometry:
Flow cytometry was performed using an Accuri C6 flow cytometer. For quantifying FAPγ expression, cells were either labeled overnight or for 30 min with AF488-IgE, 50 nM
MG was then added and cells were measured. For internalization assays, cells were grown
on suspension culture dishes for 12 hrs before addition of 10 µg/mL IgE. Cells were incubated with the appropriate IgE for the time indicated, collected from the suspension dish
by pipetting rigorously, washed, and then placed on ice in the presence of anti-HA AF488
antibody at 1:50 dilution for 15 min.
Channel overlay and correlated motion analysis:
Two-channel image registration was performed by finding the position of multi-color
beads (Tetraspek beads, Invitrogen) in both channels as previously described [88]. An
affine transform was used to transform SPT coordinates into the ’green’ color channel. Sequences of dynamin-GFP were first filtered with a Gaussian kernel with sigma x,y of 1 pixel
(0.106 µm) and σT of 5 frames (250 ms). Dynamin locations were identified using the preliminary box finding step of the single molecule fitting algorithm, giving localization to
within 1 pixel (0.106 µm). A distance transform image was generated from these positions
using the DipImage distance transform function ’dt’ at each frame. Squared displacements
for trajectory jumps were then binned based on the distance assignment of their starting
localization.
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2.7
2.7.1

Supplement
Supplemental Methods

Flow cytometry:
Cells were grown on a suspension plate overnight. AF488-IgE was added 24 hr or 30
min before cells were detached from the plate through vigorous pipetting. 10 nM MG2p
was added to cells in suspension for 5 min before measuring on an Accuri C6. Fold
enhancement was calculated for FcRIγ the ratio between FL1-H median values. Each
value was first background corrected by subtracting the median FL4-H value of unlabeled
cells. Fold enhancement was calculated for FcRIγ as the ratio between FL4-H median
values. Each value was first background corrected by subtracting the median FL4-H value
of non-expressing cells in the presence of 10 nM MG2p.
Western Blots:
Either an anti-FcRIγ (Upstate, 06-727) or anti-HA (Santa Cruz Y11, sc805) antibodies
were used to immunoprecipitate lysates as previously described [73]. Cells were primed
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with DNP--206 IgE and stimulated with DNP-BSA or mock. Samples were run on 420% gradient gel and transferred to a nitrocellulose membrane. Membranes were blocked
using 3% BSA overnight at 4◦ C and immunoblotted using both HRP conjugated antiPy99 (Santa Cruz sc7020) and anti-Py20 (Santa Cruz sc508) or anti-pYSYK (Santa Cruz
sc1077).
Degranulation:
Cell monolayers were grown in 24 well tissue culture plates for 24 hr and primed with
DNP--206 IgE. Measurement of β-hexosaminidase release were measured as previously
described [73].
Calcium Imaging:
Measurements were carried out as previously described [2]. Briefly, cells were loaded with
Fura-2 AM for 30 min before being washed and observed on an inverted Olympus IX71,
equipped with a Till Monochromator (TILL Photonics). Excitation light alternately passed
through 10 nm band-pass filters centered at 350 and 380 nm. Emission was collected with
a 510 nm WB 40 filter (Omega Optical). Images were acquired with an Andor iXon EMCCD camera and SPE-7 IgE added by manual pipette. Ratio values for each cell in a field
were calculated for user-defined regions after background subtraction. Ratio values from
three representative regions are shown.

2.7.2

Supplemental Figures
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Figure 2.6: A) Increased surface expression of both AF488IgE- FcRIα and FcRI FAP-γ af-

ter 24hr addition of IgE. Curves represent a 2.4 fold increase in FcRIα and a 2.2 fold increase
in FcRIγ. B) Immunoprecipitation using both an anti-FcRIγ antibody or an anti-FAP antibody
(anti-HA) show that endogenous FcRIγ and FcRIβ complex with the FAP-γ and that FAP-γ
becomes phosphorylated after addition of cross-linker. C) Normal activation dependent phosphorylation of the downstream kinase Syk occurs in cells expressing FcRI FAP-γ. D) RBL-2H3 cells
expressing the FAP-γ construct exhibit a normal degranulation profile.
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Figure 2.7: A) Ratio imaging of Fura2 dye shows the addition of 10 µg/mL SPE-7 IgE (arrow)

induces calcium mobilization. B) 5 µg/mL and 10 µg/mL addition of SPE-7 IgE induces robust
degranulation, while addition of the non-cytokinergic DNP--206 IgE at either concentration does
not.

Figure 2.8: Cumulative probability distribution of single particle trajectory lengths with increasing

laser power (0.15, 0.2, 0.3 kW/cm2 ). Higher laser powers cause faster MG photobleaching and
result in shorter trajectories.
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Supplementary Movie 1: Example Single Particle Tracking Data from MG bound
FAP-γ. Addition of 100pM MG fluorogen results in appropriate labeling densities
for single particle tracking of FAP-γ. Images were acquired at 20 frames per second,
playback in real-time. Scale bar 5 µm. Images were Gaussian filtered with σ x,y = 1
for display.
Supplementary Movie 2: FcRIα and FcRIγ co-internalize and undergo directed
transport. Seven minutes after crosslinking with 1 µg/mL DNP-BSA, both AF488IgE (green) and MG bound FAP-γ (red) co-internalize within endosomes that undergo directed transport. Images acquired at 20 frames per second, playback in
real-time. Scale bar 1 µm.
Supplementary Movie 3: FcRI immobilizes near sites of dynamin recruitment. After priming with dark DNP--206 IgE and crosslinking with 1µg/mL DNP-BSA, MG
bound FAP-γ (red trajectory) is seen to immobilize within dynamin puncta (green)
at the membrane. Images acquired at 20 frames per second, playback in real-time.
Scale bar 1.5 µm. ’Green’ channel was Gaussian filtered with σ x,y,t = 1.
Supplementary Movie 4: Dynamin is recruited to sites of immobilized FcRI. After
priming with dark DNP--206 IgE and crosslinking with 1µg/mL DNP-BSA, MG
bound FAP-γ (red trajectory) is seen to immobilize within dynamin puncta (green)
at the membrane. Images acquired at 20 frames per second, playback in real-time.
Scale bar 1.5 µm. ’Green’ channel was Gaussian filtered with σ x,y,t = 1.
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3.1

Introduction

Immunoreceptor signaling is necessarily dependent on the recruitment and activation of
intracellular adapters. The family of multi-chain immunorecognition receptors (MIRRs),
including the BCR, TCR and high affinity IgE receptor FcRI, lack intrinsic kinase activity and therefore must rely on the serial activity of cytosolic kinases [1]. For the BCR
and FcRI, antigen engagement results in phosphorylation of the c-terminal immunoreceptor tyrosine based activation motifs (ITAM) motifs by the Src family kinases Lyn and
Fyn, followed by the engagement and activation of the tyrosine kinase Syk. For the TCR,
this system is paralleled by the analogous proteins Lck and Zap70. Antigen engagement
results in a wide array of signaling outcomes including cell survival, release of inflammatory mediators and cytokine production. Proper initiation of tyrosine kinase activity is
absolutely necessary for all receptor dependent signaling [45, 46], yet it is not completely
understood how Syk function is regulated. In this work we use single molecule imaging
to follow individual Syk molecules at the plasma membrane and investigate how FcRI
distribution influences its spatial and temporal behavior. We combine these findings with
biochemical readouts to correlate the behavior of Syk with functional consequences.
Syk, like many cytosolic kinases, is auto-inhibited in its basal state. Its structure consists of tandem SH2 domains joined via a flexible linker (Interdomain A) and a kinase
domain connected via another linker region (Interdomain B). The crystal structure of full
length Syk [96] revealed that Syk has a compact structure in which the kinase domain is
auto-inhibited by preventative interactions within the linker domains. Binding of Syk to
phosphorylated ITAMs via its SH2 domains, frees the kinase for activity. Syk also contains
a number of important tyrosines that become phosphorylated upon receptor cross-linking.
While some of these sites have been implicated in structural re-orientation, others have
been suggested to play a role in adapter protein binding [44, 97–99].
In order to understand what regulates Syk-FcRI interactions and their implications
for signaling, we chose to focus on the structure-function relationship of the Syk Inter-
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domain A region. It has been proposed that phosphorylation of tyrosine 130 within this
domain induces a conformational uncoupling between the tandom SH2 domains that promotes dissociation of Syk from the dually phosphorylated ITAM [50, 100]. Previous work
in B cells has demonstrated that mutation of the Syk tryosine 130 to glutamate (Y130E),
mimicking constitutive phosphorylation, fails to co-immunoprecipitate (co-ip) with phosphorylated CD3 peptide [49, 50]. In these experiments, mutation of this tyrosine to
phenylalenine (Y130F), inhibiting phosphorylation, resulted in more strong association
of Syk with CD3 compared with WT Syk. In vivo binding experiments using surface
plasmon residence (SPR) to measure the kinetics of Syk tandom SH2 domains binding
to phosphorylated CD3 ITAM domain have also shown a reduced affinity of the Y130E
mutant [100]. Nuclear magnetic resonance experiments, monitoring site specific binding
of each SH2 domain, determined that phosphorylation of Syk Y130 increases flexibility
within Interdomain A and increases the probability of dissociation from the ITAM [100].
Although this mutation within Domain A has now been well characterized in vitro,
no direct observations for how the Y130E and Y130F mutations influence the spatiotemporal behavior of Syk in intact cells has been observed. In addition, the functional
consequences for the Syk Y130E and Y130F mutations on FcRI signaling have never
been fully explored. Confusingly, studies in non-immune cell systems have begun to refer
to the Syk Y130E mutation as a constitutively active mutation [101, 102]. This is because
Y130 phosphorylation may partially relieve Syk auto-inhibition. An in vitro kinase assay
comparing Syk phosphorylation in resting and stimulated B cells demonstrated an activation dependent increase in Syk mediated phosphorylation of an exogenous substrate. In
cells expressing the Y130E mutant form of Syk, cells showed similar high levels of activity independent of stimulation. Syk has been shown to bind to γ-tubulin, cytoskeleton
adapter proteins, and integrins through a mechanism independent of SH2 binding [46].
Therefore, it is possible that the increased basal kinase activity of Y130E Syk could result
in an increase in ITAM independent, Syk mediated activity. However, within the context of
immune signaling, the role of this Y130E mutation in MIRR dependent activation remains
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unclear.
We find that Syk lifetime the membrane increases after FcRI activation, but remains
transient, with lifetimes on the order of 1-3 seconds. We generate a mutant form of Syk,
mimicking constitutive phosphorylation of Y130 (Y130E) or preventing phosphorylation
at Y130 (Y130F) and characterize their behavior in vivo. We find that all three forms of
Syk (Y130, Y130E, Y130F) associate with FcRI, but that the residence time of the phosphomimetic form of Syk (Y130E) is reduced. Interestingly, cells expressing the Y130E
form of Syk demonstrate a complete loss of degranulation and the loss of production of
almost all cytokines. We show that in these cells, there is also a loss of Syk mediated
trans-phosphorylation of tyrosines at position 342 and 525 within Syk, both sites previously shown to be crucial for FcRI signaling. We observed a 70% decrease in phosphorylation of the GTPase Vav1 and a 40% decrease and delay in the phosphorylation of LAT.
Interestingly, this mechanism does not inhibit calcium mobilization, ERK or JNK phosphorylation. These results argue for a model of Syk activation in which kinetic thresholds
regulate the profile of Syk phosphorylation and preferentially impair arms of the signaling
pathways to limit spurious activation.

3.2
3.2.1

Results
Syk Associates Transiently with FcRI After
Antigen Cross-linking

To assess how the spatial localization of Syk changes after FcRI activation, we expressed
Syk as an mNeonGreen (mNG) fusion protein (Syk-mNG) in the model mast cell line
RBL-2H3. mNeonGreen is a brighter, monomeric green colored variant of LanYFP and is
the brightest monomeric fluorescent protein to date [70]. Cells were primed using Alexa
647 conjugated anti-DNP IgE (A647-IgE) and imaged using total internal fluorescence
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microscopy. In resting cells, Syk-mNG was distributed uniformly throughout the cytosol
and IgE bound FcRI was expressed uniformly at the plasma membrane. As has been
previously demonstrated, the addition of highly valent antigen, 0.1 ug/mL DNP25 BSA,
induces the formation of large FcRI aggregates within minutes. Upon antigen addition,
we also observed the simultaneous appearance of Syk-mNG aggregates that co-localized
with FcRI at the plasma membrane (Figure 3.1A). A cross-correlation comparison of
the aggregate intensity of Syk and IgE was made by creating a mask on the IgE channel
around aggregates and extracting the relative intensities from the Syk channel within each
independent masked region (Figure 3.1B). The linear correlation of the aggregate intensities of IgE and Syk suggests that larger receptor aggregates are capable of recruiting more
Syk. This recruitment was specific to Src family kinase dependent phosphorylation of
FcRI. Treatment with the Lyn specific inhibitor dasatinib resulted in a complete loss of
Syk-mNG recruitment after antigen addition (Supplementary Figure 3.9A). To characterize the dynamics of Syk association with the FcRI aggregates, we first used fluorescence
recovery after photobleaching (FRAP). We note that at high laser powers the mNG fluorophore has been shown to reversibly transitions into a dark state. Because this feature
could confound our interpretation of fluorescence recovery, we carried out these experiments using both a Syk-GFP (Figure 3.1C) and a Syk-mNG (not shown) and observed
similar results. We found that Syk clusters were capable of recovering their fluorescence
profile within 20 seconds (Figure 3.1C), suggesting that Syk-mNG association with FcRI
was transient and that the observed aggregates were assembled from the accumulation of
dynamic binding events. Consistent with this, a previous in vitro experiment using surface
plasmon resonance to measure association rates of the tandem SH2-domains of Syk and
phosphorylated γITAM, suggested a half time on the order of 3.8 sec [103]. Given that
Syk association with FcRI is highly transient, we next developed a method for visualizing individual single molecule binding events of Syk-mNG. Using total internal reflection
(TIR) microscopy we were able to observe and track single Syk-mNG molecules as they
associated with the basal surface of the membrane. We adapted our imaging frame rate
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(100 ms exposure time) such that Syk-mNG molecules undergoing free diffusion in the
cytosol moved too fast to be identified as individual molecules. Only those Syk-mNG
proteins bound to the membrane were identified (Figure 3.1D). Interestingly, before addition of antigen, we did observe a significant number of Syk-mNG molecules at the cell
surface. This suggests that either Syk interacts with another protein at the membrane, or
that some fraction of FcRI ITAMs are phosphorylated and capable of engaging Syk in
unstimulated cells. Syk has been documented to associate with both integrins and microtubules [46], proteins whose binding would also localize Syk to the plasma membrane. In
addition, immuno-electron microscopy studies have demonstrated that Lyn and the FcRI
β are loosely associated into small microdomains in resting RBL cells [41]. This leaves
open the possibility that a sub-stimulatory fraction of receptors may be phosphorylated under basal conditions. After antigen addition we observed that the number of these binding
events and the duration of their residency time at the membrane enhanced (Figure 3.1C),
but still remained transient. Taken together, these results suggest that Syk associates with
phosphorylated FcRI through a series of transient binding events.

3.2.2

Syk Binding Lifetime is Independent of Antigen Dose or FcRI
Aggregate Size

The relationship between the degree of clustering of the receptor and the efficiency of
signaling is not clear. Although large immobile aggregates of variable size form under
cross-linking conditions as shown in Figure 3.1, equally efficient signaling is observed
with lower antigen doses that do not induce the formation of large cluster or immobilization of the receptor. In addition, with highly valent antigens, increasing concentrations can
be associated with a decrease in activity (high dose inhibition). Multiple ideas including
more efficient exclusion of phosphatases [36] or fast rebinding based on local concentration enhancement of receptors [72], have been proposed but never tested in intact cells.
To investigate whether receptor aggregation influences Syk interactions with FcRI, we
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quantified the residence time of Syk-mNG at the membrane. We used a range of antigen
concentrations that are associated with increasing receptor aggregate sizes (Figure 7.5).
We observed that increasing DNP25 BSA cross-linking concentrations lead to a shift in the
distribution of Syk-mNG trajectories towards longer track durations (Figure 3.2). Notably,
we also found that many of the longest trajectories had single molecule intensities greater
than what was expected for an individual mNeonGreen. Because our fitting method can
not distinguish between one or multiple Syk molecules appearing within a diffraction limited area, single trajectories may in fact be comprised of many individual Syk molecules.
To ensure that our interpretations of residency time were not confounded by this, we developed a thresholding routine to identify only those fits that were most probably associated
with an individual Syk molecule at the membrane. An intensity change point algorithm,
described previously [104], was used to detect any significant changes in intensity over a
given trajectory, presumably a result of new molecules appearing or disappearing within
the area. Any trajectories containing change points were then thresholded out. In addition, any tracks containing localizations with intensity values three times that of the
mNG single molecule intensity were also not included in our analysis (Supplementary
Figure 3.10). To extract a characteristic lifetime for Syk-mNG binding, we fit the distribution of track lengths to a model based on the geometric distribution, the discrete analog
of the exponential distribution. The interaction lifetime of Syk and FcRI may be on the
order of our frame rate (100 ms). Utilizing a geometric distribution better accounts for
the fact that we can only observe trajectory lengths in increments of 100 ms, whereas a
true exponential distribution expects track lengths of all time increments. We found that a
2-component model was necessary to properly model the data. We assume that the short
component represents the Syk lifetime associated with behavior in unstimulated cells and
the long component represents the lifetime associated with active binding to phosphorylated FcRI ITAMs. We wanted to specifically ask whether the observed shift in track
length distribution was a result of a change in interaction lifetime, or a change in the fraction of Syk trajectories associated with the longer lifetime. To distinguish between these
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two possibilities, we used the Akaike Information Criterion (AIC) to compare between
two possible fitting models for our data. The first was a model that allowed the lifetimes
for the 2-components to vary freely between antigen concentrations. The second was a
model in which the lifetimes were globally constrained across all antigen concentrations,
but the fractions between components was variable. We found that the data was best fit to
a model in which the lifetimes for the short and long component were shared across conditions (0.74 sec and 2.65 sec), and the fraction of longer lifetime components increased
from 23 % - 45 % as antigen concentration was increased to 1000 ng/mL DNP25 BSA
(Figure 3.2A). To test this more directly we also compared the lifetime of individual Syk
molecules with the local density of FcRI they co-localize with (Figure 3.2B). Because
Syk rebinding events can occur faster than our imaging frame rate of 100 ms, unbinding
and re-binding to nearby FcRI would appear as an increased track length. If larger FcRI
aggregates resulted in more Syk re-binding events at the membrane, we would expect a
correlation between the duration of a Syk trajectory and the intensity of the IgE aggregate
it associates with. For each Syk trajectory, we compared its track length with the maximum intensity of the corresponding pixels in the IgE channel. Consistent with the result
that Syk-FcRI lifetime is independent of antigen dose, we see no correlation between
the residence time of Syk at the membrane and the local density of FcRI (Figure 3.2D).
These results indicate the binding lifetime of Syk is not influence by the local topography
of FcRI, over the range of activating antigen doses used in this study. It is important to
note that although FcRI has been shown to undergo drastic changes in its mobility and its
degree of clustering between 1 ng and 1000 ng DNP25 BSA, the changes in degranulation
between these concentrations are small [58].
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3.2.3

Syk Phosphorylation at Y130 Shortens the Duration of its Association with FcRI

To investigate how Interdomain A phosphorylation regulates Syk-ITAM interactions in
vivo, we generated mNeonGreen fluorescent versions of WT Syk (WT-Syk) and both the
Y130E mutant (YE-Syk) and the Y130F (YF-Syk) (Figure 3A). We transfected each of
these three constructs into Syk deficient RBL-2H3 cells generated using CRISPR based
genomic editing (SykKO ), and generated stable cell lines expressing similar levels of SykmNG (Supplemental Figure 3.11). Unexpectedly, all three cell lines showed accumulation of Syk-mNG that co-localized with FcRI after stimulation at 100 ng/mL DNP25 BSA
(Figure 3.3A). This indicates that the Y130E mutation does not inhibit Syk’s ability to
bind phosphorylated ITAMs in vivo. This is somewhat surprising given that previous coimmunoprecipitation studies failed to associate Y130E Syk with the BCR ITAM CD3 [49,
50]. Given that all forms of Syk were capable of binding to phosphorylated ITAM domains, we next compared the distribution of track lengths for YE-Syk and YF-Syk compared to WT-Syk. We found that the distribution of trajectory lengths showed a marked
decrease YE-Syk duration at the membrane compared with WT-Syk (Figure 3.3). Given
that the YF-Syk mutant was incapable of being phosphorylated, we expected that it would
result in longer lived interactions with FcRI. However, we found that the YF-Syk and WTSyk had almost identical track length distributions, indicating that the interactions were not
significantly different. Studies comparing the in vivo levels of Syk phosphorylation at various tyrosines via tryptic peptide digestion have shown that Y130 is in fact only minimally
phosphorylated after activation [50]. Although two previous co-immunoprecipitation studies showed an increased association of Syk Y130F with CD3 peptide when compared
with WT Syk [49, 50], both relied on the addition of high concentration of phosphatase
inhibitors. In one of these studies, the removal of phosphatase inhibitors resulted in equal
levels of co-immunoprecipitation for Syk Y130F and WT Syk [50]. This suggests that
phosphatases readily reverse phosphorylation at Y130, and that in our experiments, the
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Y130 in WT-Syk remains mostly un-phosphorylated.

3.2.4

Syk Y130E Mutation Inhibits Mast Cell Secretion and
Cytokine Production

We next explored the functional consequences for the observed reduction in YE-Syk interaction time on FcRI signaling. The degranulation of pre-formed mediators and cytokine
production are two of the most important consequences for FcRI activation. To determine the effect of Y130 phosphorylation on degranulation, we measured the amount of βhexosaminidase release over 30 minutes after stimulation with 0.1 - 1000 ng DNP25 BSA in
all Syk variant cell lines and in SykKO cells as control. Consistent with the vital role for Syk
in mast cell activation, SykKO cells did not show a degranulation response (Figure 3.4A).
Expression of either WT-Syk or YF-Syk restored dose dependent degranulation in SykKO
cells to levels similar to parental RBL-2H3 cells (Figure 3.4). However, expression of the
YE-Syk mutant was unable to restore degranulation at any antigen concentrations. Treatment of YE-Syk cells with ionomycin showed that these cells did not lack granule content
and had the potential for a complete response (Supplemental Figure 3.12). To corroborate
these results, we also measured the production of a number of cytokines. Cell media was
assessed for the presence of IL-4, MCP-1 (CCL-2), VEGF, TNFα and the TNF related
TWEAK-R, 3 hrs after activation with 100 ng/mL DNP25 BSA. WT-Syk and YF-Syk cells
showed an antigen dependent increase in all five tested cytokines (Figure 3.4B). In accordance with the loss of degranulation, YE-Syk cells did not produce any significant levels of
IL-4, VEGF, TNFα or TWEAK-R (Figure 3.4B). Notably, YE-Syk cells did show a small
but significant production of MCP-1 (CCL-2) (Figure 4B). To confirm that these results
were not explained by impaired kinase activity of YE-Syk, we tested the kinase activity
for all Syk cell lines before and after the addition of 100 ng/mL DNP25 BSA. Syk was
immunoprecipitate using mNeonGreen-fab bound beads and incubated with an exogenous
substrate (EAY) to quantify the degree of substrate phosphorylation. We found that kinase
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activity was similar for all three cell lines indicating that the loss of YE-Syk dependent
activation was not an effect of a loss of kinase activity (Supplemental Figure 3.13).

3.2.5

Syk Y130E Mutation Does Not Inhibit Calcium Mobilization

Calcium signaling is critical for effective mast cell activation [8]. Given that YE-Syk cells
fail to degranulate or produce cytokines, we predicted that they would also show a reduced
Ca2+ mobilization. Using the Ca2+ ratio-indicator dye, Fura-2, we measured changes in
the cytosolic calcium levels for all three cell lines after addition of antigen. Surprisingly,
YE-Syk cells generated robust and sustained calcium fluctuations after addition of 1000
ng/mL DNP25 BSA and 100 ng/mL DNP25 BSA (Figure 3.5A). By quantifying the duration
between antigen addition and first response, we found that initiation of Ca2+ signaling
was slightly delayed in YE-Syk cells when compared against signaling in WT-Syk and
YF-Syk cells (Figure 3.5B). In addition, at lower antigen dose, 1 ng/mL, YE-Syk did not
exhibit a Ca2+ response, whereas both WT-Syk and YF-Syk showed significant response
(Supplemental Figure 3.14). Importantly, these results reveal that while slightly attenuated
and more dose dependent, the calcium signaling machinery is still active and responsive
in YE-Syk cells.

3.2.6

The Duration of Syk-FcRI Interactions Correlates with Syk
Phosphorylation

Given that the YE-Syk cells were able to illicit a calcium signal but failed to degranulate or
release cytokines, it remained unclear how the reduced interaction times we observed for
YE-Syk were associated with its activity. Syk activation has been shown to be dependent
on phosphorylation at a number of critical tyrosines (Y323, Y342, Y348, and Y519/520).
We used western blot analysis with phospho-specific antibodies against these specific tyrosine residues to quantify the degree to which each became phosphorylated after 5 minutes
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of DNP25 BSA addition at 100 ng/mL. We found that DNP25 BSA stimulation resulted in
strong phosphorylation of WT-Syk and YF-Syk at all four tyrosine, whereas significant
phosphorylation in YE-Syk cells was seen only at Y323 and Y348 (Figure 3.6). Phosphorylation of Syk occurs through both Lyn and trans-Syk mediated activity. It has previously
been shown that treatment of cells with the Syk specific kinase inhibitor BAY61-3606
has a drastic effect on phosphorylation of Syk Y342 and Y519/520, a mild influence on
Y317, and almost no influence on Y346. This suggests that phosphorylation of Y342
and Y519/520 are dependent on Syk activity and Y346 and Y317 are mostly dependent
on Lyn activity. Therefore, our observed decrease in YE-Syk phosphorylation at Y519
and Y342 is most likely a result of an impairment in Syk mediated trans-phosphorylation.
It is tempting to speculate that this loss in Syk mediated tran-phosphorylation is a direct produce of the reduced association time between FcRI and YE-Syk. Lyn has been
shown to be pre-associated with the receptor, therefore, it may immediately be available
to phosphorylate Syk, whereas Syk mediated trans-phosphorylation requires the simultaneous co-recruitment and proper relative orientation of multiple Syk proteins. Because
both Lyn and Syk are auto-inhibited kinases, in vitro catalytic rates have been difficult to
quantify. Experiments in which only the catalytic domains for Syk and Lyn were used
to measure phosphorylation of an endogenous peptide have reported Km values of 11.8
and 13 µM respectively [96, 105]. However, it is not clear from these results how the in
vivo catalytic rates for these kinases compare. A decreased residence time of the SykFcRI interaction could lead to a reduced local concentration of Syk at FcRI aggregates.
Alternatively, the kinetic constraints for Syk auto-phosphorylation could be dependent
on some minimum threshold interaction time. Importantly, we also found similar phosphorylation profiles for the YE-Syk when it was expressed in cell lines also expressing
endogenous fully functioning Syk (Supplemental Figure 3.15). This indicates that the decrease in phosphorylation observed in the YE-Syk SykKO cells is not only a result of a
reduced Syk density, but is also inherently limited by its decreased interaction time with
FcRI. It is tempting to speculate that the duration of Syk-FcRI interaction serves as a
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kinetic proofreading mechanism [106], in which a tight timing threshold limits complete
phosphorylation of Syk to only longer lived interactions.

3.2.7

Syk Y342 Phosphorylation Regulates Activation of Vav1 and
LAT, but Not Changes in Cellular Morphology or the Activity
of ERK and JNK

A number of previous studies have demonstrated distinct roles for the tyrosines within the
Syk Interdomain B, in FcRI signaling [107,108]. To compare how the change in phosphorylation profile and reduction interaction time of the YE-Syk mutant results in complete
loss of degranulation and cytokine production, without inhibiting calcium mobilization,
we investigated the influence of this mutation on a number of potential signaling proteins.
Syk plays a crucial role in phosphorylation of the adapter protein LAT. LAT is a crucial
membrane scaffolding protein in FcRI signaling [109]. It lacks inherent kinase activity,
but phosphorylation of LAT by Syk creates binding sites for multiple SH2 domain containing regulatory proteins including PLCγ, the SLP-76 binding partner Gads and Grb2. LAT
serves to coordinate the assembly of these adapter proteins and their activating kinases.
Phosphorylation of LAT is therefore critical to its scaffolding activity. Although the kinase
activity of YE-Syk remained intact, we wanted to determine if its altered behavior influenced LAT phosphorylation. We measured the phosphorylation of LAT over a 10 minute
time period after antigen addition. We found that LAT phosphorylation in YE-Syk cells
was both reduced and delayed. In both WT-Syk and YF-Syk cells, LAT phosphorylation
peaked between 2-5 minutes after stimulation. In YE-Syk cells LAT phosphorylation was
reduced by over 40%, and did not reach maximal levels until 10 minutes after stimulation
(Figure 3.7A).
Given that LAT phosphorylation was reduced and delayed, we next investigated how
this influenced the activation of two LAT adapter proteins, PLCγ and SLP-76 [109]. In-
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terestingly, we observed no statistically significant difference in the phosphorylation of
either SLP-76 or PLCγ between WT-Syk, YE-Syk, and YF-Syk cells suggesting that their
activation is not absolutely dependent on LAT association.
Phosphorylation of Syk is also associated with an increase in Vav1 activation. Studies
have suggested that the phosphorylated tyrosine 342 of Syk serves as a putative binding
site for Vav1. Vav1 is a cytosolic guanine nucleotide exchange factor (GEF) for the Rho
family GTPases Rac1, RhoA and CDC42. These GTPases have well established roles in
cytoskeletal remodeling and vesicle transport [110] and Vav1 activity has been implicated
in all of these processes. Structural show that Vav1 GEF activity is auto-inhibited via a
prohibitive association between the Dbl homology domain (DH) and a tryosine at position
174 (Y174). Phosphorylation of Y174 releases this association and frees the DH domain
for GEF activity [111]. To test whether the loss of Syk phosphorylation at Y342 in YESyk cells was associated with a reduced Vav1 activity, we quantified the level of Vav1
phosphorylation at Y174 after antigen stimulation. We found that YE-Syk cells exhibit a
significant 70% reduction in Vav1 phosphorylation (Figure 3.7B) compared with WT-Syk
and YF-Syk cells, indicating a drastic reduction in Vav1 activity. Mast cell degranulation
is associated with membrane ruffling and the appearance of F-actin assembly points on the
adherent membrane. To investigate if reduced Vav1 activity lead to a loss of these actin
dependent processes we examined the morphology of the YE-Syk cells compared with
WT-Syk after antigen stimulation. Using fluorescent phalloidin to stain for F-actin, we saw
no differences in cell morphology or actin redistribution (Figure 3.7C). This suggests that
reduced Vav1 activity does not impair actin dynamics. This is consistent with a previous
finding that T-cell morphology changes were unaffected in Vav-1 knock out cells [112].
Therefore, the mechanism through which Vav1 activity is associated with degranulation
still remains unclear.
Activation of the Ras-Raf-MAPK pathway in mast cells leads to the activation of transcription factors that result in cytokine production. To investigate the mechanism through
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which YE-Syk cells display a complete loss in cytokine production, we tested the phosphorylation of the crucial mitogen-activated protein kinases (MAPKs) ERK and JNK. Both of
these kinases play critical roles in the activation of the transcription factors NFAT and
NFκB. They have also both been shown to be activated in a LAT dependent manner. Surprisingly, both ERK and JNK became strongly phosphorylated after FcRI activation in
YE-Syk cells, showing no statistical difference between WT-Syk and YF-Syk. This suggests that the mechanism through which cytokine production is lost in YE-Syk cells is
independent of ERK and JNK phosphorylation.
Mast cell activation results in calcium mobilization, cell ruffling, granule secretion, and
cytokine production. Our results suggest the phosphorylation of LAT and Vav1 are correlated with the phosphorylation of Syk Y342/Y525. Additionally, this data demonstrates
that calcium signaling, actin dependent morphology changes, and ERK/JNK phosphorylation occur through separate signaling pathways that are not dependent on the timing of
LAT phosphorylation or Vav1 activity. Similar results have been found in RBL-2H3 in
which Syk Y342 was mutated to phenylalanine. In these cells degranulation was lost but
calcium responses were only mildly attenuated. LAT phosphorylation was drastically reduced but interestingly Vav1 phosphorylation was unchanged. Because multiple isoforms
of Vav exist (Vav1, Vav2, Vav3), it is possible that differences in antibody specificity can
explain these results. The phosphorylation of ERK was also shown to be attenuated in
the Y342F cells, but only at later times. Because our measurement of ERK phosphorylation was carried out at a single early time point (5 minutes), it is possible that we would
also observe this reduction in YE-Syk cells at later times. Finally, in Y342F cells the
phosphorylation of SLP-76 and PLCγ were both reduced whereas we found no significant
differences.
Although some interesting differences exist, the correlation between our findings and
those found for cells expressing Y342F Syk, suggests that most of defects in signaling
readouts we observe for the YE-Syk cells can be directly attributed to the loss of phospho-
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rylation at Y342.

3.3

Discussion

In this work we explore the relationship between Syk association with FcRI and signaling outcomes. We describe a method that allows us to visualize individual Syk molecules
as they associate with the plasma membrane and characterize their spatial and temporal behavior with sub-second resolution. Using RBL-2H3 cells expressing mNeonGreen
tagged Syk, we image the basolateral surface using TIR illumination and track individual
Syk-mNeonGreen as they appear at the membrane. Importantly, we demonstrate that Syk
activation occurs through transient association with FcRI, exhibiting interaction lifetimes
on the order of 1-3 seconds. The role of Syk in FcRI and BCR signaling is critical.
Syk activity is necessary for the phosphorylation and activation of a number of signaling molecules including LAT, PLCγ1, SLP-76 and and Vav1. High resolution EM and
super-resolution imaging in both mast cells and B-cells has demonstrated that LAT and
PLCγ1 are found in ’secondary’ signaling patches that appear adjacent and segregated
from the ’primary’ signaling patches that contain cross-linked receptor and Syk [41]. It
has therefore remained unclear how interactions between proteins found within different
domains occurs. The transient nature of FcRI-Syk interactions may help to facilitate Syk
translocation into these secondary domains, where it can phosphorylate LAT.
We also investigate how receptor aggregation, via the addition of increasing concentrations of highly-valent antigen (DNP25 BSA), influenced association with Syk. Historically,
activation of FcRI was correlated with the formation of large immobile receptor patches.
However, it is now appreciated that small mobile FcRI aggregates are equally signaling
competent. To characterize Syk behavior, we quantified the residency time of individual
Syk molecules at the membrane and fit their distributions to quantify a characteristic interaction lifetime. We used a geometric distribution as the discrete analog of the exponential
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distribution, to better model the limitations of our imaging frame rate. Interestingly, we
found that a two component global fit across all doses modeled our data best. In this
model, the fraction of longer lived binding events increased with increasing antigen dose,
but the characteristic lifetimes for both the long and short components did not change.
This suggests that the formation of larger clusters, at high doses of DNP25 BSA, did not
influence the lifetime of FcRI-Syk interactions. We tested this more directly using two
color imaging by comparing the duration of an individual Syk trajectory with the intensity of the fluorescently labeled IgE it co-localizes to. Consistent with our finding that
antigen dose did not change the FcRI-Syk interaction lifetime, we also found no correlation between track length and the local density of FcRI. It is important to point out
that all concentrations of antigen used in these measurements resulted in robust degranulation [58]. It is possible that with lower valency or lower affinity ligands we may find a
different relationship.
To further investigate how Syk-FcRI binding may be regulated, we also characterized how mutations to the Interdomain A tyrosine altered Syk behavior. Previous in vitro
studies have suggested that phosphorylation of Syk Y130 results in a drastic decrease in
Syk-FcRI binding. To directly test this in vivo, we generated both a phosphomimetic
(Y130E) and phenylalanine (Y130F) form of Syk. Interestingly, we found that the Syk
Y130E was still able to associate with FcRI at the membrane, but that the duration of its
interactions was shortened. Surprisingly, we found that cells expressing this Y130E form
of Syk completely failed to degranulate but had an intact calcium response and exhibited
normal levels of ERK and JNK phosphorylation.
Given our results, the Y130E mutant form of Syk serves as a tool to better understand
how spatio-temporal signals at the membrane translate into signaling readouts. Syk localization at the membrane promotes its phosphorylation via both interactions with Lyn
and trans-phosphorylation from other Syk molecules. The rates at which these phosphorylation reactions occur may be tuned such that they are highly sensitive to changes in
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residency time. Short lived interactions, such as those induced by spurious cross-linking
events, may not allow for complete Syk phosphorylation. Phosphorylated residues on Syk
have been shown to be crucial for both its direct interaction with adapter proteins such
as Vav and PLCγ, and for increasing kinase activity. Certain signaling processes may be
more or less sensitive to this readout. In the case of the Y130E, calcium and MAPK activation appeared less sensitive to the reduced association time between Syk and FcRI.
This may be because they are dependent only on Syk kinase activity (which is still fully
functional in the Y130E). Other processes like activation of Vav and LAT appear more
sensitive to Syk phosphorylation, specifically at Y342.

A similar picture is being painted for the role of Zap70 in TCR. A very intriguing recent study using hydrogen-deuterium exchange and mass spectrometry (HDX-MS)
demonstrated that ITAM binding and phosphorylation of Zap-70 within its linker-B region
(Y315,Y319) results it an increased flexibility of the linker-A region. This conformational
difference had no effect on Zap-70 kinase activity, but did alter the kinetics of its association with the TCR ITAM CD3 [113]. Mutations locking Zap-70 it into either of these
conformations both resulted in the loss of Zap-70 activity, including phosphorylation at the
Y493 activating site and the ability to phosphorylate LAT. Using biolayer interferometry
they showed in vitro that the open conformation of Zap-70 showed a slower binding rate
(kon ) to CD3 but a longer lifetime once bound (ko f f ) whereas the closed conformation
resulted in more rapid binding to CD3 but of shorter duration (kon ).Because we did not
investigate mutations within the linker-B region of Syk, it is possible that pY within this
domain is responsible for some of our observations. However, similar (HDX-MS) studies carried out with Syk in mast cells revealed that ITAM binding results in the opposite
effect on the linker-A domain flexibility [103]. These experiments showed an increased
rigidity of Syk following binding to FcRIγ ITAM. Additionally, low and high resolution
structural studies have suggested that subtle differences in Syk and Zap-70 structure may
underly their altered roles in signaling.
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In another fascinating study, evidence for the dual role for Zap-70 as both a kinase and
adapter protein was demonstrated through the use of an analog sensitive form of Zap-70
whose kinase activity could be selectively inhibited by the addition of a drug [114]. Selective inhibition of Zap-70 kinase activity lead to the loss of ERK, PLCγ and LAT phosphorylation and ultimately TCR mediated killing. However activation of integrins through
Vav1 phosphorylation and the accumulation of actin within the cSMAC were unaltered.
These findings are consistent with our results that ERK and PLCγ phosphorylation do not
appear to be strongly impaired in YE-Syk mutant cells, as YE-Syk kinase activity appears
completely intact. It also argues that Vav1 activation is more dependent on its association
with Syk as an adapter protein. In this study the phosphorylation of Vav is directly associated with the activation of integrins. Interestingly, RBL-2H3 cells are mostly incapable
of degranulating when stimulated in suspension. This may indicate that integrin activation
is a necessary part of RBL cells secretion. If the lack of Vav1 phosphorylation is directly
associated with the loss of integrin activation, this mechanism could potentially explain
why the YE-Syk expressing cells fail to degranulate. This idea poses a promising future
area of study.
Finally, Syk inhibitor target therapies are a promising avenue for treatment of chronic
allergic inflammation, antibody mediated autoimmune diseases and proliferation and transformation of pre-B cells resulting in Leukemia [115]. All of these pathologies result from
a deregulation in Syk activity. Syk kinase inhibitors have recently become a major focus
in the pharmaceutical and biotechnology industry as an alternative treatment approach for
these diseases. Most of the drug discovery approaches have focused on inhibitors that
target the ATP binding site, or allosteric inhibition of the Syk kinase domain [116]. Unfortunately, due to structural similarities between the Syk kinase domain and many other
protein kinase domains, off target binding and low affinities have made it difficult. We
demonstrate here that targets to the Interdomain A domain of Syk, which induce subtle
conformational changes, may also serve as equally potent inhibitors of mast cell signaling.
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Figure 3.1: Syk Associates transiently with FcRI after antigen cross-linking. (A) Cross-linking

with 100 ng DNP25 BSA results in accumulation of Syk at sites of FcRI aggregation. (B) Crosscorrelation of the relative intensities of IgE and Syk-mNG shows that there is an increase in SykmNG association with larger FcRI aggregates. (C) Fluorescence recovery of Syk-GFP aggregates
is seen within 23 seconds. (D) A snapshot of single Syk-mNG molecules at the membrane and a
corresponding trajectory.
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Figure 3.2: A) Cumulative probability distribution for the duration of identified Syk trajectories.

Comparison over a range of antigen doses (0 - 1000 ng DNP25 BSA). B) The filtered distribution
of track lengths was fit to a 2-component geometric distribution model in which life lifetimes for
the components were held fixed, and the fraction of long lifetime trajectories (τ1 ) displays a dose
dependent increase. The fit long lifetime component was 2.65 sec and the short lifetime component
was 0.74 sec. C) Same data as in A but displayed as a log-linear histogram. D) Two color imaging
of single molecule Syk-mNeonGreen and diffraction limited A647 IgE allowed comparison for
how FcRI density influences Syk track length. The duration of each Syk trajectory (in sec) was
compared against the normalized intensity in the IgE channel of the co-localizing pixel.
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Figure 3.3: Syk Phosphorylation at Y130 Shortens the Duration of its Association with FcRI.

A) Spatial localization of WT-Syk, YE-Syk,or YF-Syk (green) after 4 minute addition of 100
ng/mL DNP25 BSA. A647 IgE (red). All three Syk isoforms aggregate at the membrane and directly co-localize with FcRI. B) Cumulative probability distribution for Syk trajectory length for
all three Syk isoforms, both before (dashed lines) and after (solid lines) the addition of 100 ng/mL
DNP25 BSA. Data acquired for up to 4 minutes after antigen addition. C) Same data as (B) but
displayed as a log-linear histogram.

71

Chapter 3. Kinetic Regulation of Syk

A.
Syk Y130E

20

Syk WT

Syk Y130F

% Secretion

15

10

5

0
0.1

1

10

100

1000

ng/mL DNP-BSA

B.

Figure 3.4: Syk Y130E Mutation Inhibits Mast Cell Secretion and Cytokine Production. A)

Degranulation response for WT-Syk,YE-Syk,YF-Syk cell lines, as measured by the release of β
Hexosaminidase. B) Quantification of cytokine release into cell media after 3 hours of stimulation
with 100 ng/mL DNP25 BSA.
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Figure 3.5: Fura-2 ratiometric imaging of Ca2+ mobilization. A) Heat map of calcium response

for WT-Syk, YE-Syk, YF-Syk cells after addition of 1000 ng/mL DNP25 BSA (added at 30 sec). B)
Response time. Each point represents the time between antigen addition and an appreciable change
in Fura-2 ratio for an individual cell.
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A.

B.

Figure 3.6: Phospho-specific antibodies were used to asses the degree of Syk phosphorylation

within the Interdomain B (Y323, Y352, Y348) and activation loop (Y525) in cell lines expressing
only WT-Syk, YE-Syk, or YF-Syk. A) Band intensities for one representative experiment are
shown. B) Quantification of (A) across three experiments to provide statistical significance. A
significant decrease in antigen induced phosphorylation occurs in YE-Syk cells at Y342 and Y525.
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Figure 3.7: Down-stream signaling readouts of Syk isoforms. Detailed description moved to
Supplemental for space.
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3.4

Experimental Procedures

Cell Lines and Constructs
Rat basophil leukemia cells were cultured in MEM supplemented with 10% heat inactivated FBS, puromycin and L glutamine. SykKO cells were generated using CRISPR
genetic engineering as described by (C. Cleyrat et al. unpublished). Syk-mNeonGreen
constructs were generated as follows. The sequence for murine Syk was purchased and
inserted into a pcDNA3.1 vector. mNeonGreen was purchased under the Allele Biotechnology User License.
Antibodies, Antigens, Reagents
H1-DNP--206 IgE was prepared as described previously (Liu et al., 1980). SPE7 IgE
(D8406) and DNP-BSA containing 25 DNP per BSA (A23018) were both purchased from
Sigma. AF647-IgE was generated using NHS-chemistry resulting in dye to protein ration
of 3:1. AF647-NHS ester dye and AF647 phalloidin was purchased from Invitrogen. Antibodies were purchased as follows: Anti-Py99 (Santa Cruz sc7020) and Anti-Py20 (Santa
Cruz sc508). pY-Syk antibodies from Cell Signaling. pY-Vav was from Abcam. A647-IgE
was specifically used for imaging because it did result in any non-specific sticking
Biochemistry
Cells were primed with DNP--206 IgE and stimulated with DNP-BSA or mock. Samples
were run on 4-20% gradient gel and transferred to a nitrocellulose membrane. Membranes
were blocked using 3% BSA overnight at 4◦ C. Using western blot analysis we compared
the phosphorylation state of proteins within the lysate of WT-Syk, YE-Syk, and YF-Syk
cells, stimulated for 5 minutes with 100 ng/mL DNP25 BSA.
Microscopy
All TIRM data was collected using an inverted microscope (IX71; Olympus) equipped
with a 150x 1.45 NA oil-immersion, total internal reflection fluorescence objective (UAPO; Olympus). A 637 nm laser diode (HL63133DG, Thorlabs) was used for Alexa 647
excitation, and a 488 nm laser (Cyan Scientific; Spectra-Physics) was used for mNeonGreen and mGFP excitation. A quad-band dichroic and emission filter set (LF405/488/561/635-
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A; Semrock) set was used for sample illumination and emission. Emission light was separated onto different quadrants of an electron-multiplying charge-coupled device (EMCCD)
camera (iXon 897; Andor Technologies), using a custom-built two channel splitter with a
655 nm dichroic (Semrock) and 584/20 nm, 690/20 nm additional emission filters. Images
were 256 x 256 pixels with a pixel size of 0.106 Îijm and acquired at 10 frames per second
(100 ms exposure time).
Single Molecule Imaging and Particle Tracking
All analysis was performed using custom written software in Matlab (The MathWorks,
Inc.) in conjunction with the image processing software DIPImage (Delft University of
Technology). Data was pre-processed by subtracting camera offset and dividing by a gain
factor to convert image data from raw output to Poisson distributed ’counts’ as previously
described for each image frame[38]. Subregions were selected by finding the local maximum intensity of an image generated by filtering using the difference of two Gaussian
kernels. Each subregion was then fitted to a pixelated Gaussian PSF model using a maximum likelihood estimator to find the position, intensity and background[38]. Fit precision
was estimated using the Cramér-Rao lower bound values calculated using the parameter
fit and accepted or rejected based on a log-likelihood ratio test as well as intensity and
background cut-offs[39]. Accepted positions were connected using a modification of a
cost matrix approach[40].
Degranulation:
Cell monolayers were grown in 24 well tissue culture plates for 24 hr and primed with
DNP--206 IgE. Measurement of β-hexosaminidase release were measured as previously
described in Chapter 2.
Calcium Imaging:
Measurements were carried out as previously described[2]. Briefly, cells were loaded with
Fura-2 AM for 30 minutes before being washed and observed on an inverted Olympus
IX71, equipped with a Till Monochromator (TILL Photonics). Excitation light alternately
passed through 10 nm band-pass filters centered at 350 and 380 nm. Emission was col-
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lected with a 510 nm WB 40 filter (Omega Optical). Images were acquired with an Andor
iXon EM-CCD camera and SPE-7 IgE added by manual pipette. Ratio values for each cell
in a field were calculated for user-defined regions after background subtraction.
FRAP: Images were acquired using an LSM510 META confocal with Argon laser and
Bioptics objective heater. Cells were primed with IgE and activated with 1000ng/mL antigen for 5 minutes. Small ROIs were identified before a bleach series. Representative
image from 5 minutes after addition of DNP25 BSA.

3.5

Supplemental Information

Detailed description of Figure 3.7:
A) Time course for phosphorylation. LAT was immunoprecipitated from cells lysed after
0,2,5,10 minutes of stimulation with 100 ng/mL DNP25 BSA and blotted for phosphotyrosines. (Right) Quantification of band intensities, normalized to total LAT expression. B)
Time course for Vav1 phosphorylation. Cells were lysed after 0,5,10 minutes of stimulation with 100 ng/mL DNP25 BSA and blotted for phosphorylation using a phospho-Vav
specific antibody. (Right) Quantification of band intensities, normalized to total Vav1 expression. C) Distribution of F-actin (red) and IgE (blue) after 4 minutes stimulation with
100 ng/mL DNP25 BSA. Membrane ruffling on the apical surface (top) and the formation of
dense actin patches on the basal surface (bottom) can be seen in both WT-Syk and YE-Syk
cell lines. D-E) Phosphorylation of JNK and ERK, before and after 5 minutes stimulation
with 100 ng/mL DNP25 BSA. Quantification of three independent experiments in (D) show
that there is no significant difference between WT-Syk,YE-Syk, and YF-Syk cell lines.
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Figure 3.8: To assess differences in degranulation across varying clonal populations, three differ-

ent CRISPR Syk KO clones were transfection with WT-Syk and tested for their relative degranulation response.
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Figure 3.9: WT-Syk cells treated with 1µM Dasatanib while activating with 1000 ng. A) No

accumulation of Syk (right) is seen associated with IgE aggregates(left). B) In the presence of
Dasatnib, no change in lifetime is observed after antigen addition.
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Figure 3.10: Intensity thresholding to ensure only track lengths from single Syk-mNG molecules

are used in the analysis. A) An example of a single subregion (yellow box) that contains multiple
fluorophores. Kymograph on the left depicts the appearance of a new molecule within the subregion. Change point analysis recognizes this as a change in intensity. Either the presence of a change
point, or if the intensity of a fit along the track is greater than three times the single molecule intensity average (50 photons), shown as dotted red horizontal line. B) Intensity distributions for fits
before and after thresholding routine. Pre-threshold, the distribution of intensities is not uniform.
C) Histogram of track lengths for raw data (top) and thresholded data (bottom).

Figure 3.11: Cells were flow sorted for mNeonGreen expression level. The same gating was used

for WT-Syk, YE-Syk, and YF-Syk cell lines to ensure equal Syk expression levels.
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Figure 3.12: Ionomycin treatment demonstrates that YE-Syk cells have equal granular content to

WT-Syk and YF-Syk cells.

Figure 3.13: Kinase activity of Syk isoforms. Syk was immunoprecipitated using beads coated

in an anti-mNeonGreen fab and then incubated with an EAY substrate. A) Absolute values (Arbitrary Units) of substrate phosphorylation for WT-Syk compared with SykKO cells after a 5 minute
stimulation with 100 ng/mL DNP25 BSA. B) Assay was repeated three times. Values were normalized to the basal WT-Syk cell line value so that phosphorylation levels could be compared between
experiments. No values are significantly different.
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Figure 3.14: Calcium Signaling at 1 ng/mL DNP25 BSA. WT-Syk and YF-Syk cells display a

strong Ca2+ response after low concentrations of DNP25 BSA (1 ng/mL) where as YE-Syk cells
lose their response.
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Figure 3.15: WT-Syk, YE-Syk, and YF-Syk constructs were transfected into parental RBL-2H3
cells. Cells were then activated for 5 minutes with 100 ng/mL DNP-BSA and phosphorylation was
probed using a phospho-specific antibody against Syk Y525.
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4.1

Abstract

The noncovalent equilibrium activation of a fluorogenic malachite green dye and its cognate fluorogen activating protein has been exploited to produce a sparse labeling distribution of densely tagged genetically encoded proteins, enabling single molecule detection
and superresolution imaging in fixed and living cells. These sparse labeling conditions are
achieved by control of the dye concentration in the milieu, and do not require any photoswitching or photoactivation. The labeling is achieved using physiological buffers and
cellular media, and does not require additives or switching buffer to obtain superresolution
images. We evaluate superresolution properties and images obtained from a selected fluorogen activating protein clone fused to actin, and show that the photon counts per object
fall between those typically reported for fluorescent proteins and switching dye-pairs, resulting in 10-30 nm localization precision per object. This labeling strategy complements
existing approaches, and may simplify multicolor labeling of cellular structures.

4.2

Introduction

The resolution of conventional fluorescence microscopy is at least an order of magnitude
poorer than the desired resolution in biological specimens. A single emitting dye molecule,
typically 1-2 nm in size, produces a fluorescent image that is 100-fold larger, with a diffraction limited point-spread function that is >200 nm full-width at half-maximum. Objects
nearer than this cannot be resolved, resulting in ’blurred’ images that obscure the true positions of the underlying molecules. The result is that many molecular structures cannot
be adequately visualized in the crowded environment of the cell because their locations
are not resolvable under the microscope. Over the past decade, a number of approaches to
overcome these limits have been applied to biological specimens, revealing structural features and biological processes that were beyond the reach of previous fluorescent imaging
approaches.[1] To circumvent the diffraction limit in widefield microscopy, two general
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methods have been employed: structuring the pattern of emitting molecules or randomly
sampling a sparse subset of the emitting molecules. In the structured methods, emitters are
confined to regions with spatial frequencies greater than the diffraction limit, either by image combination (in the case of so-called Structured Illumination Microscopy (SIM)),[2-4]
or by overlapping laser illumination spots that manipulate the electronic states of the emitters (confining emitters to a smaller spot than the diffraction limit in the case of Stimulated
Emission Depletion Microscopy).[5, 6] These methods substantially extend the resolution
of conventional microscopy, typically by a factor of 2-3-fold, although new probes with optimized properties may provide significantly improved resolution beyond these levels.[7]
The random sampling of a sparse subset of fluorescent labels in a specimen has proven to
be easier to implement in a variety of instruments and cellular contexts,[8-11] primarily
because many conventional labels have been shown to function as intermittent probes in
a suitable environment.[12, 13] In this approach, individual resolvable fluorophores are
activated within an image area from a pool of many ’dark’ molecules. These individual
objects are spatially separated and provide discrete fluorescent points, allowing computational analysis to find the ’center’ position of the underlying molecule. Many cycles of
imaging, bleaching, and photoactivation of a new subset of emitters produces an image
series in which the majority of emitters have been activated at least once, and these can
then be analyzed to find the set of positions. The map of positions from this time series,
after correction for any drift in the image, represents a high-resolution view of the structure
of interest. This stochastic sampling approach was nearly simultaneously reported using
three distinct labeling approaches. Photoactivatable fluorescent proteins were used as genetically encoded reporters for specific subcellular structures in fixed cells (PhotoActivation Localization Microscopy: PALM, F-PALM);[9, 10] cyanine dye pairs were used as a
reversible photoswitchable tag to stain antibody labeled cellular structures (STochastic Optical Reconstruction Microscopy: STORM);[11] and fluorogenic lipid probes were shown
to activate upon association with membrane structures (Point Accumulation Imaging of
Nanoscale Topography: PAINT).[14] While the initial demonstrations of these imaging
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approaches were in thin sections in fixed cells under planar imaging conditions (TIRF
or highly inclined illumination), the methods were rapidly extended to 3-d,[15-18] living
cells[19] and multi-color labeling.[20, 21] Recent computational advances have allowed
analysis of image fluctuation[22, 23] or photobleaching and blinking[24] data to extract
superresolution information from significantly simplified acquisition protocols. Labeling
of proteins for sparse localization imaging was aided significantly with the recognition that
many dyes undergo stochastic blinking in suitable buffers at timescales that are compatible with imaging.[12, 25, 26] These direct-STORM (d-STORM) approaches have allowed
investigations with readily available antibody conjugates, and were also applied to genetically encoded targets using ligand-targeting[27] and chemical tagging approaches,[28]
exploiting the intracellular environment to regulate switching. Each of these approaches,
however, required targeting of intrinsically fluorescent dyes, potentially creating background issues and requiring acute labeling and washout of unbound dye or incomplete
labeling of target sites. Building on the initial PAINT methodology, it was recognized
the fluorogenic probes would be desirable labels for cellular structures and specific molecules. DNA intercalating dyes were used to visualize nucleic acid structures under random
low-density binding and activation events,[29] an approach termed Binding and Activation
Localization Microscopy (BALM). This approach was extended to enable fluorogenic labeling of heterogeneous catalysis reaction centers [30, 31], enzymatic activation[32] and
toxin-labeling of ion channels.[33] In a related approach, binding of Cu(II) to a chelator positioned near a fluorescent dye resulted in a chemically reversible quenching that
was tuned by the concentration of the exogenous copper ion. This approach was used
to label tubulin in fixed, permeabilized antibody-labeled cells.[34] These approaches revealed a number of advantages for chemically-mediated, as opposed to photon-mediated
switching: the approach is very simple to implement on a conventional fluorescence microscope, employing only a single laser;[30] excitation and switching are uncoupled, excitation power can be used to control localization rate while the chemical environment
controls the switching rate for each dye; [34] there is reduced potential for phototoxicity;
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fluorescent activation by chemical or enzymatic means removes the requirement for probe
wash-out.[32] While each of these approaches were useful in the targeted studies, general
methods for fluorogenic labeling of target proteins, especially in living cells are not yet
available.[35]

4.2.1

Fluorogen Activating Proteins as Genetically Encoded Tags

Recent work in our lab and others has established a family of proteins that activate the
fluorescence of otherwise non-fluorescent dye molecules.[36] The first examples of these
proteins (termed fluorogen activating proteins-FAPs) are based on single-chain variable
fragment antibodies with specific molecular recognition properties for their cognate dyes
(fluorogens). Binding of the dyes results in significant enhancements in extinction coefficient and fluorescence quantum yield, based on structural restriction of rotations around
double bonds, but is fully reversible. Unbound dye, even previously bound, is essentially
non-fluorescent. These fluorogen activating proteins have been fused to a variety of extracellular target proteins (including receptors,[37] ion channels[38, 39] and transporters),
and recently optimized proteins have been expressed linked to intracellular proteins such
as actin.[40, 41] The properties of the fluorescent complex can be tuned by directed evolution (random mutation and selection of proteins with improved properties),[42, 43] or
by refinement of the properties of the fluorogen to produce improvements in brightness
and/or affinity.[42] Both weak and tight-binding FAPs with high fluorescence quantum
yield have been isolated, indicating that fluorescence is not tightly coupled to affinity.[44]
The malachite green chromophore is efficiently quenched in the excited state through a
twisted intramolecular charge transfer process. This far-red absorbing dye molecule displays enhanced fluorescence in viscous solvents and low-temperature glasses. In addition,
at higher concentrations, the dye shows binding and enhanced fluorescence with some endogenous proteins such as BSA. Of the fluorogens that we have evaluated, this dye shows
the highest extinction coefficient (=110,000 M−1 cm−1 ) bound to the protein, and displays
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molecular brightness in line with the brightest available fluorescent proteins. The MG dye
is spectrally similar to Cy5, allowing robust single molecule detection with limited cellular
autofluorescence. This dye, modified with either an ethyl ester or diethyleneglycol amine,
binds to the same expressed FAP proteins with identical spectral properties, but is cell permeant only in the ester form.[45, 46] We previously showed that MG-binding fluorogen
activating protein-fluorogen complexes were compatible with STED microscopy,[40] producing image resolution comparable to the best available dye labels. These probes could
be used to label genetically encoded proteins at the cell surface (membrane anchored, cell
wall anchored, and receptors) or in the cytoplasm (actin). In this work, we sought to extend the superresolution imaging utility of these FAP-fluorogen complexes to stochastic
optical imaging by controlling the density of labeled objects with equilibrium binding.

4.2.2

Principles of Equilibrium Binding

The fractional occupancy of any receptor-ligand pair can be controlled using equilibrium
principles. Single-site, non-cooperative interactions between a FAP and the fluorogen can
be effectively modeled as a hyperbolic binding curve, where the fraction of binding sites
occupied can be expressed in terms of the concentration of free dye and the solution KD :
θ = ([dye])/(KD + [dye])
Under these conditions, half of the receptor sites are occupied when the concentration
of free dye is equal to the KD for the interaction. To achieve saturated labeling, concentrations considerably higher than the KD are used. At concentrations lower than the
interaction KD, the fractional occupancy may be arbitrarily tuned to a low value, and this
can be empirically optimized for a particular target protein, in order to achieve a sparse
labeling pattern (Figure 4.1). In general, lower affinity clones may more readily release
bound dyes, which would result in more rapid responses to changes in the concentration
of free dye in solution. If we consider the case of no photobleaching, we can understand
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Figure 4.1: A. The FAP-fluorogen pair consists of a non-fluorescent cell-impermeant dye and a
genetically encoded protein, which form a fluorescent complex when interacting. B. High abundance proteins can be labeled with low concenrations of dye to acheive sparse molecular labeling
(left). Low abundance proteins can be completely labeled and imaged.

the basic principle of this equilibrium approach to localization microscopy. Unbound dye
is non-fluorescent, so at equilibrium a small fraction of receptors are binding and activating dye in any time window, while an equivalent number that are already bound are
de-activated by dissociation. The pool of active molecules is thus held at a constant level,
which can be tuned to a higher or lower density by increases or decreases in the bath
concentration of free dye, respectively. Over time, all receptor sites are stochastically labeled, and the positions of each molecule can be found by localization. Of course, real
systems are not perfectly photostable, so it is important to consider the impact of photobleaching on these results. Once bound, the dye becomes fluorescent. In this state, for
the purposes of localization imaging there are two relevant timescales to consider: dissociation and bleaching. The dye-protein complex will have a characteristic dissociation
half-life for binding (in the absence of fluorescence excitation), and a characteristic bleaching rate. Because of chemical changes that occur in the bound dye-protein complex upon
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photobleaching, these parameters may be interdependent (i.e. the bleached complex may
have a distinct dissociation timescale compared to the unbleached dye). We are analyzing a number of clones for these properties, but a detailed discussion is beyond the scope
of this manuscript. The malachite green binding clones examined in this manuscript show
bleaching prior to dissociation, and do not show any evidence of subsequent reactivation of
bleached FAP-fluorogen complexes on the timescale of imaging. These relative timescales
are an important area for future improvements of this labeling system for superresolution
imaging. Fluorogen activating proteins can be expressed as genetic fusions to targets of
interest within living cells. While generally well tolerated, the presence of a genetically
fused label can perturb the incorporation of the expressed protein within cellular structures, regardless of the type of label.[47] In the case of fluorogen activating proteins, and
equilibrium localization, the dye must also access the target site at a controllable concentration. In some cellular compartments, accumulation of charged dyes may lead to levels
of dye considerably higher or lower than that added to the bath.[48] In living cells, where a
FAP-tagged protein is present in multiple compartments, it may be difficult to obtain quantitatively informative images due to heterogeneities in intracellular dye concentration or
access of the dye to the target sites within cellular structures. Additional studies in our lab
are underway to establish relative access of the MG-ester fluorogen dye to FAPs expressed
in various subcellular compartments. Three intracellular-functional malachite green binding FAP clones were prepared as actin fusion constructs, and retrovirally transduced into
HeLa cells. We evaluate the brightness of FAP clones labeling the actin cytoskeleton in order to determine the optimal clone for cellular superresolution imaging. This clone (dH6.2)
is then used to demonstrate the superresolution imaging approach in fixed and living cells.
We demonstrate the control of labeling density in fixed cells using low concentrations
of dye, and describe the imaging protocol used to obtain optimal images. We further
show improvements in resolution obtained relative to diffraction limited actin images in
saponin-treated phalloidin stained cells, and in live, non-permeabilized cells labeled with
the MG-ester dye. Together, these studies show that equilibrium association between flu-
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orogenic dyes and FAPs can be used for genetically encoded superresolution imaging by
Binding Activated Localization Microscopy (F-BALM).

4.3
4.3.1

Results and Discussion
Evaluation of MG-FAP-Actin clones

Three distinct MG-binding clones were derived from the parent MG-binding FAPs through
random and targeted mutagenesis efforts, producing clones that retained functional fluorogen activation in the reducing environment of the cells.[40, 41, 43, 49] These proteins
were expressed as fusion constructs with the human Îš-actin gene and retrovirally transduced into HeLa cells using the pQCXIP retroviral system (Clontech). These stable cells
were labeled with 100 nM MG-ester dye, revealing clear actin structures in the cells by
confocal microscopy (Figure 4.2). The cells had significant differences in signal level, with
the dH6.2 producing the highest signal across numerous independent experiments. Qualitatively, the intracellular signal observed in these cells was consistently dH6.2 > dL5** »
HL4-p13. On this basis, the dH6.2 clone was evaluated further for superresolution imaging using F-BALM. Over a range of laser powers, we were able to achieve localization
precision between 10 and 45 nm, which is comparable to other superresolution imaging probes.[50] Importantly, the dH6-fluorgen complex was bright enough at lower laser
powers to allow localization imaging of live cells without excessive light exposure. Figure 4.3B and C show the distribution of photons and localization precision, respectively,
for the dH6.2 clone using a 633 nm laser at 0.4 kW/cm2.

4.3.2

Influence of dye concentration on labeling density

Localization microscopy requires an optimal labeling density to achieve a sufficient number of localizations in each individual image frame, but to still retain resolvable objects.
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Figure 4.2: (A) Confocal imaging of various MG-binding FAPs fused to Îš-actin in live HeLa

cells labeled in 100 nM MG-ester dye. Scale-bar 10 µm. (B) the dH6.2-Actin clone shows localization precision typically between 10 an 30 nm per binding event and (C) emitting an average
of 75 detected photons prior to bleaching, producing clearly visible single molecules in each frame
(inset).

At low emitter densities, individual objects are rare, and the number of images required
to generate a sufficient localization image becomes prohibitive. At high density, however,
the likelihood of finding two overlapping objects increases, and these ambiguous localizations are frequently rejected, or subjected to a further round of analysis [51]. Using a
fixed cell expressing the dH6.2 FAP-actin construct, we determined the influence of labeling concentration on the density of localizable objects using a single-emitter fitting model.
Figure 4.3A demonstrates the influence of dye concentration on image quality. A low concentration of dye produces an overall low-density image on the structure, and ultimately
fails to produce a superresolution image of adequate object density within a reasonable
time period (Figure 4.3A, 80 pM). As the dye concentration is increased, more fits are

94

Chapter 4. Localization Microscopy Using Fluorogen Activating Proteins

obtained and the underlying structure is better resolved (Figure 4.3A, 480 pM). Fluorogen
concentrations above a certain level will result in labeling densities too high to be fit to
single emitter models until enough molecules have bleached that single molecule densities
are reached (Fig 3B). It is important to note that these high initial labeling conditions are
not optimal since the dissociation of dye from bleached complex is slow and the positional
information for the bleached molecules is lost. Thus, intermediate concentrations produce
more uniformly distributed and still sparse labels, and an increase in the overall density of
localized objects is observed. Ultimately, the fine-tuning of dye concentration is critical to
optimize imaging reconstructions, yet this is easily achieved through titration of fluorogen
at the time of imaging. To optimize superresolution imaging using F-BALM, we developed a protocol with two unique aspects. The first modification was added to overcome
the slow dissociation of the fluorogen. Consistent with this, we observe that the density of
localizations decreases over time. This decrease was countered by addition of fresh dye
to the milieu during acquisition once the density of objects had fallen to a sufficiently low
level. While this was empirically defined, such an approach could be optimized or automated. Secondly, we found that imaging was improved by alternating between light and
dark cycles, where an acquisition cycle, typically 20 frames, was followed by 5-10 seconds
of dark to allow additional binding events to occur. During the dark period, new dye to
binds to and accumulates on stable actin filiments, while fits from dye-bound monomeric
actin that appear transiently in the TIRF field are not accumulated (Supplementary Online
Materials Figure S1 and Supplemental Movie S1). Note that this protocol was used to
enhance filamentous actin structures over monomeric actin and therefore, may not be required for other intra-cellular targets. Figure 4.3C shows a representative superresolution
image acquired with F-BALM. Even using this slowed stroboscopic approach, superresolution images on fixed cells were completed within an hour, and typical live cell imaging
sessions could proceed for 30 minutes or longer.
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Figure 4.3: (A) Dye was added at increasing concentration to the same fixed cell, during continu-

ous acquisition revealing improved localization densities at higher dye concentrations, and improved image quality for a reconstruction from a 150 frame subset of the overall acquisition. (B).
The influence of dye concentration reveals an optimal level for localization density over time.
Higher concentrations require pre-bleaching of the FAPs to achieve resolvable objects, while the
lowest concentrations result in low overall object density. (C). Reconstruction of a fixed cell from
a 3000 frame acquisition with 173,983 total fits.

4.3.3

Live cell labeling

The cell-permeant MG-ester fluorogen can be used to label living cells as well as fixed
cells. The fixed, permeabilized cells are advantageous for high-resolution structure analysis, because the unpolymerized actin monomers are washed away from the sample during
the fixation and permeabilization. This process leaves behind only the remaining polymerized actin structures that have incorporated the FAP-actin monomers. In order to image
in the living cells, signal that arises from the rapidly diffusing unincorporated FAP-actin
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monomers is ignored. This is accomplished by exploiting the localization enhancement
obtained with immobile proteins. On the timescale of imaging, 100 ms/frame, the rapidly
diffusing FAP-actin constructs (D = 10 µm2 /s) will have a positional variance of 1 µm.
This results in blurring of the emitted photons across a greater number of pixels, due to
diffusion-mediated variation in the true object location during the exposure. At low labeling densities, there is always a pool of rapidly diffusing unincorporated monomer, which
contributes to a cellular background signal (See Supplemental Movie S2). Incorporated
FAP-Actin monomers, on the other hand, show very slow diffusion or treadmilling in the
actin cytoskeleton, motions that are slow compared to the imaging time. Consequently,
their emission is focused into a normal emitter profile, and appears as a more distinct
spot with higher peak signal. These differences can be exploited using size and signal
thresholds in the analysis, allowing measurement of localized objects even in a modest
background of free diffusing emitters.To provide a direct comparison of underlying actin
structure with our F-BALM reconstruction, we introduced Alexa-488-phalloidin into live
cells by transient permeabilization with saponin, after which the detergent was removed
and the cell allowed to recover. Addition of phalloidin to the cells stabilized the actin
structure and images were acquired for up to 40 minutes at room temperature. Comparison of the superresolution image with the phalloidin labeling shows that the localizations
are specific to actin structures (Figure 4.4A). The profile across identical regions shows a
substantial improvement in imaging resolution compared to the widefield phalloidin image (Figure 4.4B). It is important to note that the FAP labels expressed actin molecules in
the cell, while phalloidin selectively labels actin filaments. The localization of some diffusing monomeric actin is responsible for the observed differences between the phalloidin
image and the FBALM image. The nonspecific activation of MG-ester on non-expressing
HeLa cells does not result in significant background localizations (Supplementary Online
Materials Figure S2) , indicating that this is a highly selective fluorogenic label for the
expressed tag, even in living cells. Superresolution imaging of cells at 37C without the
phalloidin-mediated stabilization of actin was also performed in unpermeabilized living
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Figure 4.4: (A) Left shows a reconstruction of FAP-actin while right shows a wide-field image

of phalloidin-Alexa488 obtained simultaneously. (B) Cross-section of the boxed region and a lineprofile to highlight the improvement in resolution on this structure.

cells (Figure 4.5) over 30 minutes. Under these conditions, we see evidence of dynamic
actin rearrangement in the living cell. Although the background of soluble actin reduces
the resolvable detail in these images, dynamic extensions of the cell and of filopodia are
apparent. The superresolution imaging approach outlined here is practical for both fixed
and unperturbed living cells under physiological conditions.
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Figure 4.5: Cells were imaged in DMEM buffered with 20mM Glucose and 20mM HEPES in

the presence of 320pM MG-Ester. Snapshots represent reconstructions built from imaging during
the time indicated. Colored inset highlights the growth over time of a filipodia structure with each
color representing a sliding window accumulated reconstruction over the time frame indicated.
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4.4

Conclusion

These FAP-fluorogen probes are a useful tool for superresolution imaging. We have shown
that these fluorogens can be selectively activated by expressed fluorogen activating proteins in both fixed and living cells, by simple addition of dye to the media, and that superresolution or conventional resolution images can be obtained by using low or high
concentrations of dye, respectively. These protein domains can be fused to targets of interest in living cells, providing the first generalizable example of a molecularly specific
Binding Activated Localization Microscopy probe. There are a number of advantages to
the use of FAP-fluorogen pairs for localization microscopy. Apart from the added fluorogen dye, there is no particular buffer requirement to achieve the sparse density of emitters.
Because these properties derive from equilibrium considerations, and not photochemistry,
they are likely to be useful with many distinct FAP-fluorogen pairs in cellular labeling. In
addition, the absence of a photoswitching laser can be beneficial for living cells, preventing phototoxicity concerns. Because the FAP-expressing cells are dark until dye is added,
future studies would benefit from expression of a spectrally resolved fluorescent protein
and FAP fused to the same target, to easily identify expressing cells in a mixed population,
and to identify issues related to dye access or loading at different cellular sites. Multicolor superresolution imaging has proven challenging because cross-talk can arise from
aberrant switching or difficulties controlling switching rates of multiple emitters under the
same excitation or environmental conditions. Notably, the FAP method provides a new
option for orthogonal labeling of cellular targets and the far-red emission of MG can be
paired with many other fluorescent proteins or dyes for two-color super-resolution. Serial
imaging could then be performed, such that the PALM or STORM label is imaged first,
followed by addition of the fluorogen for the second color, eliminating the potential of
photobleaching the second color while imaging the first. The ability to independently tune
label density by controlling the dye concentration may also prove valuable in this context.
Because the optimal density of activated FAP is a function of the underlying biological
structure density[52] (i.e. the proximity of labeled molecules in the specimen), the incor-
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poration of the labeled protein in the structure, and the local concentration of dye in the
cell, the required concentration of dye will depend on both the specimen as well as the
choice of fluorogen activating protein clone. Importantly, when extended to multiple FAPfluogen combinations, dye concentrations can be adjusted independently, providing added
flexibility compared to multicolor photoswitching probes. There remains much room for
optimization of the FAP-fluorogen pairs that can be used for localization imaging. Multiple dye-protein pairs are available, some of which are highly selective for their cognate
dye. These could be tested for function in living cells, allowing tandem (if the colors
are different) or serial (if the colors are the same) multiplexing of biological targets. The
binding, dissociation and bleaching properties of these FAP-fluorogen pairs are currently
being studied in our lab and others, potentially leading to timescale improvements. In
addition, the potential for FAP-fluorogen pairs to ’recover’ after photobleaching has been
demonstrated, although not currently with MG-binding fluorogen activating peptides. This
property could prove highly valuable for long-term superresolution imaging, where multiple cycles of binding, bleaching and release allow repeated interrogation of the location of
a specific protein on timescales where typical bleaching properties of dye-labeled proteins
fail. Finally, these probes may be broadly useful for superresolution imaging, regardless of
the selected modality. Our previous studies illustrated that the MG-based FAP-fluorogen
pairs could be used for Stimulated Emission Depletion microscopy, resolving actin features down to 110 nm in living cells.[40] Taken with the data presented in this work,
we show that cytoplasmic genetically encoded FAPs are a versatile tag that, compatible
with live and fixed cells, useful for both STED and localization-based superresolution microscopy.
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4.5

Experimental Methods

FAP-actin vector construction:
The FAP fragments were PCR amplified to include a G4S linker sequence at the 3’ end
and cloned into pAcGFP1-actin (Clontech) to replace the GFP using AgeI and BglII. The
primers used for PCR amplification are as follows:
dH6.2 fw: 5’ ACCGGTATGCAAGTCCAGTTGCAAGAATCTGGA 3’
dH6.2 rv: 5’ AGATCTTGAACCGCCACCTCCGGAGACAGTGACCAGGGTA 3’
dL5** fw: 5’ ACCGGTATGCAGGCCGTCGTTACCCAAGAACCT 3’
dL5** rv: 5’ AGATCTTGAACCGCCACCTCCGGAGAGGACGGTCAGCTGGGTG 3’
HL4.1 fw: 5’ ACCGGTATGCAGGTGCAGCTGGTGGAGTCTG 3’
HL4.1 rv: 5’ AGATCTTGAACCGCCACCTCCTTTGATATCCACTTTGGTCCC 3’
After generating the FAP-actin fusion gene, FAP-actin was cloned into the retroviral vector pQCXIP (Clontech) using AgeI and BamHI. Because HL4.1 contains a BamHI site
in its sequence, HL4.1-Actin was PCR-amplified to incorporate AgeI at the 5’ and BclI
at the 3’ (BclI shares the same overhang with BamHI). And this PCR fragment was cut
with AgeI/BclI and ligated into AgeI/BamHI-digested pQCXIP. Coding sequence of all
FAP clones are available as supplemental online materials, and vectors prepared will be
deposited in the Addgene repository.
Retroviral packaging and cellular transduction:
The packaging cell line GP2-293 cells were co-transfected with pQCXIP-FAP-actin and
pVSV-G. The viral supernatant was collected 48 hours post transfection and used to infect
the target HeLa cells. The day before infection, 2.5x105 HeLa cells were plated in each
well in a 6 well plate. The next day for each well, 1.2 ml viral supernatant and polybrene
to a final concentration of 4 µg/ml was added to the cells. Cells were then transferred to 6
cm and 10 cm dishes for expansion. 0.6 µg/ml and 0.2 µg/ml puromycin (Invitrogen) were
used to select and maintain positive cells, respectively.
Confocal microscopy:
Cells were imaged using a Carl Zeiss LSM-510 Meta Confocor3 confocal microscope with
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a 633 nm excitation laser line and a 63x magnification, 1.4 NA objective. Typical laser
power was 5%-10% and master gain was 750. The pinhole was set at 1 Airy unit. Cells
were plated in Mattek dishes (MatTek corporation) and imaged in PBS for fixed cells and
in OPTI-MEM (Invitrogen) for live cells. 100-200 nM MG-ester was used for FAP-actin
staining under all conditions.
Cell Preparation, Fixation and Permeabilization for Localization microscopy:
Coverslip treatment: No. 1.5 round (18 mm and 15mm) coverslips (Bioscience Tools)
were treated with ddH2O, acetone, ethanol in an ultrasonic bath for 15 min each and
treated with Piranha (70% sulfuric acid and 30% hydrogen peroxide) for 30 min and rinsed
extensively with ultra-pure water. Cells were plated in DMEM on the treated coverslips
and allowed to adhere from 12-72 hours. For intact cell imaging, cells were washed 3x in
1x PBS and imaged immediately. Otherwise, cells were first pre-extracted using 0.05%
saponin in a 10mM MES buffer supplemented with 138mM KCl, 3mM MgCl and 2mM
EGTA and in the presence of 1µg/mL Alexa488 Phalloidin (Invitrogen) for 30sec. For live
cell imaging cells were very gently washed 6x with 1xPBS and then imaged immediately.
For fixed samples, PFA was immediately added to the sample to a final concentration of
4%, and fixed for 15 minutes. Samples were further permeabilized for 5 minutes in 0.05%
saponin and rinsed thoroughly and imaged. The cell extraction protocol was modified
from Dr. Louise Cramer free online methods for actin imaging. All imaging (both live
cell and fixed cell) was carried out in 1xPBS buffer or DMEM (Gibco) supplemented with
20mM Hepes and 20mM Glucose.
Localization microscopy:
F-BALM imaging was performed using an inverted microscope (IX71; Olympus America,
Center Valley, PA) equipped with an oil-immersion objective 1.45-NA total internal reflection fluorescence objective (U-APO 150x, NA 1.45; Olympus America). A 637 nm diode
laser (HL63133DG, Thorlabs Inc.) was used at between 0.4-0.9kW/cm2 at the sample for
excitation of the FAP bound fluorogen dye and a 488-nm diode laser (Newport Cyan488,
100mW) at 0.03kW/cm2 or less for Alexa488 Phalloidin excitation. A quad-band dichroic
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and emission filter set (LF405/488/561/635-A; Semrock, Rochester, NY) set was used for
sample illumination and emission. Emission was separated onto different quadrants of an
Andor Ixon 897 electron-multiplying charge-coupled device (EM CCD) using a custom
built (Thorlabs Inc.) channel splitter with a 561 nm dichroic (Semrock) and a 525/20-25
nm additional emission filter for the Alexa 488. No additional filters were used for the
fluorogen. The EM CCD gain was set to 200, and frames were 256x256 pixels with a
pixel size of 0.106 µm. Where indicated, samples were maintained at 36C through the
use of an objective heater (Bioptechs). Images were acquired as series of 20 frames of
50ms, 100-ms and 200-ms exposures with a 10 second pause between subsequent acquisitions. This process was automated using custom built software to control laser exposure
and camera readout and collected over at least 150 image series (>30minutes total imaging
time). Phalloidin co-stained samples were selected before addition of dye based on their
phalloidin structure. Non-phalloidin co-stained live cell samples were selected by addition of low levels of dye (80pM). Throughout the acquisition, dye was added as necessary,
depending on the number of localization per frame. Over the course of an image series,
up to 5nM of dye could be added depending on the FAP-expression level.
Localization analysis and image reconstruction:
Data analysis was carried out in a Matlab program developed by Lidke and colleagues.[51,
53] Traditionally in single molecule localization microscopy, the intensity profile of a single emitter was fitted to a 2D-gaussian profile by nonlinear least-squares (NLLS) regression to find the centroid (x,y) of the emitter and the widths of the Gaussian distribution σ x
and σy . MLE takes the finite camera pixel size, background fluorescence and camera read
out noise into consideration, and provides a better estimate of position. A set of parameters
are returned through MLE localization including the object position, the intensity and the
background count rate. The CramÃl’r-Rao Lower Bound (CRLB) gives the uncertainty
of these fitted parameters. The single molecule candidates were identified by applying an
intensity threshold filter. Then 7x7 pixel sub-regions including the identified regions were
packaged and input to an iterative routine, based on a graphics processing unit (GPU),
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which allows for a parallelized processing approach and therefore real-time data analysis. The final super-resolution images were generated by adding bivariate 2-D Gaussian
blobs at the location of the position estimates. Emitters identified as the same particle in
subsequent frames were combined using a weighted average taking into account the localization precision in each frame. The sample chamber was mounted in a three-dimensional
piezostage (Nano-LPS; Mad City Labs, Madison, WI) with a resolution along the xyzaxes of 0.2 nm. No significant sample movement was seen over the imaging time frame,
as determined by an image overlay of reconstructions over time. To compare phalloidin
low resolution images to F-BALM images, an iterative, gradient-based registration algorithm using the Matlab toolkit DIPimage (TU Delft) was used for image registration and
overlay[46] based on the final F-BALM image, and a sum projection of the corresponding
phalloidin image.
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4.7

Supplemental Information

dH6.2 (dNP799) coding sequence [1]
CAAGTCCAGTTGCAAGAATCTGGACCTGGTTTGGTTAAACCATCTGAGACAC
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TTTCCCTAACCTGCACAGTCAGTGGCGCATCAATTTCCTCCTCGCACTATTAT
TGGGGTTGGATTAGACAACCACCTGGAAAGGGCCCAGAGTGGATAGGGTCT
ATGTACTACTCGGGTAGAACTTACTATAATCCTGCCTTGAAGTCACGTGTTAC
CATATCCTCTGATAAGTCAAAAAACCAATTCTTTTTAAAACTCACTAGCGTTA
CCGCTGCTGATACAGCTGTCTATTATGCTGCCCGTGAGGGCCCAACGCATTAT
TATGATAATTCAGGCCCAATACCTAGCGATGAGTATTTTCAACATTGGGGCC
AGGGCACTTTAGTTACAGTTTCCGGTGGTGGCGGCTCTGGTGGCGGTGGCAG
CGGCGGTGGTGGTTCCGGAGGCGGCGGTTCTCAGGTGCAGCTGCAGGAGTCG
GGCCCAGGACTGGTGAAGCCTTCGGAGACCCTGTCCCTCACCTGCACTGTCT
CTGGTGCCTCCATCAGCAGTAGTCATTACTACTGGGGCTGGATTCGCCAGCC
CCCAGGGAAGGGGCCTGAGTGGATTGGGAGTATGTATTATAGTGGGAGAAC
GTACTACAACCCGGCCCTCAAGAGTCGAGTCACCATATCATCAGACAAGTCG
AAGAACCAGTTCTTCTTGAAGTTGACCTCTGTAACCGCCGCGGACACGGCCG
TGTATTACGCTGCGAGGGAGGGACCCACACATTACTATGATAATAGTGGTCC
AATACCTTCGGATGAGTATTTCCAGCACTGGGGCCAGGGTACCCTGGTCACT
GTCTCC

dL5** (dL5 E50D L89S-Kabat Numbering) coding sequence [2, 3]
CAGGCCGTCGTTACCCAAGAACCTAGTGTTACCGTTAGCCCAGGTGGTACTG
TTATACTTACTTGTGGAAGTGGTACGGGTGCCGTCACATCTGGTCATTATGCA
AATTGGTTTCAACAAAAACCAGGACAAGCTCCAAGAGCTTTGATTTTTGATA
CTGATAAGAAGTATTCTTGGACCCCAGGTAGATTTTCTGGATCTTTGCTGGGA
GCAAAGGCAGCTTTGACAATATCAGATGCTCAGCCTGAGGACGAAGCCGAG
TATTACTGTTCTCTTAGCGACGTGGATGGCTACTTGTTTGGCGGTGGAACACA
ACTGACGGTTCTGTCCGGTGGTGGCGGCTCTGGTGGCGGTGGCAGCGGCGGT
GGTGGTTCCGGAGGCGGCGGTTCTCAGGCTGTGGTGACTCAGGAGCCGTCAG
TGACTGTGTCCCCAGGAGGGACAGTCATTCTCACTTGTGGCTCCGGCACTGG
AGCTGTCACCAGTGGTCATTATGCCAACTGGTTCCAGCAGAAGCCTGGCCAA
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GCCCCCAGGGCACTTATATTTGACACCGACAAGAAGTATTCCTGGACCCCTG
GCCGATTCTCAGGCTCCCTCCTTGGGGCCAAGGCTGCCCTGACCATCTCGGA
TGCGCAGCCTGAAGATGAGGCTGAGTATTACTGTTCGCTCTCCGACGTTGAC
GGTTATCTGTTCGGAGGAGGCACCCAGCTGACCGTCCTCTCC

HL4.1 (HL4-p13) (disulfide bond free version of HL4 developed by Yates et al. 2012)
[4]
CAGGTGCAGCTGGTGGAGTCTGAGGGAGGCTTGGTACAGCCTGGAGGGTCCC
TGAGACTCTCCTGTGCAGCCTCTGGATTCACCTTCAGTAGTTATGAAATGAAC
TGGGTCCGCCAGGCTCCAGGTAAGGGGCTGGAGTGGGTCTCACGTATTGATG
GTGATGGGAGCAGCACAAACTACGCGGACTCCGTGAAGGGCCGATTCACCA
TCTCCAGAGACAACGCCAAGAGCACGCTGTATCTGCAAATGAATAGTCTGAG
AGCCGAGGACACGGCTGTGTATTACGCCACAAGGGCCAGATACTTTGGTTCG
GTGAGCCCCTACGGTATGGACGTCTGGGGCCAAGGGACCACGGTCACCGTCT
CCTCAGGAATTCTAGGATCCGGTGGCGGTGGCAGCGGCGGTGGTGGTTCCGG
AGGCGGCGGTTCTGACATCCGGGTGACCCAGTCTCCTTCTTCCGTGTCTGCAT
CTGTGGGTGACAGAGTCACCATCAGTTGTCGGGCGAGTCAGGGGATTGCCAC
CTGGTTAGGCTGGTATCAGCAGAAGCCAGGGAAACCCCCTCAGCTCCTTATC
TATTCTGCATCCACTTTGCAAACTGGGGTCCCATCAAGGTTCAGCGGCAGTG
GATCTGGGACAGATTTCACTCTTACCATCAGCAGCCTGCAGCCGGAGGATGT
TGCAACTTACTATGCGCTAGAGGGTAGCACTTTCCCTCTCACTTTCGGCGGAG
GGACCAAAGTGGATATCAAA
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Figure 4.6: (A) The series of light and dark cycles (no frames acquired during dark cycles) allows
’recharging’ of the FAPs and (B) combined with repeated additions of dye stock to increase the
concentration of fluorogen results in a long-term series of localization images for analysis.

Figure 4.7: FBALM images of both dH6.2-Actin expressing HeLa cells and parental HeLa cells

were acquired over a 10min time period using the exact same imaging conditions. 320pM MGEster was added and a series of 45 sequences (2.5 sec per exposure at 20fps, 10 sec pause in
between each sequence ) were used to build up the resulting images. Inset represents transmitted
light image of region used for reconstruction of Parental cell line. Displayed images are also scaled
the same. dH6.2-actin has 28,904 fits. Parental has 267 fits.
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Supplementary Movie S1a: Acquisition series demonstrating addition of MG-Ester dye
to live cells. Realtime playback with 50ms exposure. For display purposes image is
Gaussian filtered with sigma=1 pixel.
Supplementary Movie S1b: Acquisition series demonstrating addition of MG-Ester dye
to live cells. Realtime playback with 50ms exposure. For display purposes image is
Gaussian filtered with sigma=1 pixel.
Supplementary Movie S2: Acquisition series demonstrating addition of MG-Ester dye
to live cells. Realtime playback with 50ms exposure. For display purposes image is
Gaussian filtered with sigma=1 pixel.
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5.1

Abstract

Fc receptors (FcR) are an important bridge between the innate and the adaptive immune
system. Expressed on immune cells, FcR are required for the cellular effector functions of
antibodies, including protection against bacteria and phagocytosis. Fc gamma receptor I
(FcγRI, CD64), a high affinity receptor for IgG (KD of 108 -109 M), is constantly occupied
by monomeric IgG, raising the question of how FcγRI can bind IgG-immune complexes
(IC) or opsonised pathogens. Previous work found that cytokine stimulation of FcγRIexpressing immune cells significantly increased their ability to bind IC [?], revealing a
new mode of FcγRI regulation. In this study, we investigate the mechanism of increased
FcγRI ligand binding using high-resolution imaging. We found that cytokine stimulation
promoted clustering of FcγRI before IC addition and further increased the size of FcγRI
clusters after IC binding. We show that this altered nanoscale organization of FcγRI is dependent on phosphatase activity and an intact actin cytoskeleton, but not changes in lateral
mobility. Our results identify enhanced receptor clustering as the mechanism underlying
the increased avidity for IC after cytokine-induced inside-out FcγRI regulation.

5.2

Introduction

In humans, the FcγR family comprises both the activating receptors FcγRI, FcγRIIa,
FcγRIIc, and FcγRIIIa as well as one inhibitory receptor, FcγRIIb. FcγRI (FCGR1A)
is constitutively expressed on monocytes, macrophages, eosinophils, dendritic cells and
on neutrophils after activation. Because of its high affinity, FcγRI is believed to be saturated with monomeric IgG, even after isolation or extravasation of immune cells [32].
Therefore, the in vivo role of FcγRI in immune responses remains unclear. However,
several studies have implicated an important role for FcγRI during inflammation, autoimmune responses, and monoclonal antibody immunotherapy in tumour models [117–119].
In addition, FcγRI can efficiently induce MHC class II antigen presentation and cross-
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presentation [120,121]. Recently, it was demonstrated that FcγRI, saturated with prebound
IgG, was capable of effective IC binding after cytokine stimulation1. This phenomenon
was termed ’inside-out regulation’ because ligand binding of the receptor is rapidly enhanced after intracellular signalling without altering its expression levels. This is a wellknown process for integrins [122], as well as two other FcR: FcαRI and FcγRIIa [123,
124]. Both of these FcR receptors as well as FcγRI were studied previously in a Ba/F3
transfection model, a cell line dependent on IL-3 for survival and in which IL-3 can stimulate inside-out regulation [124, 125]. In primary cells, analogous cytokines such as IL-5,
IFNγ, and TNFα stimulate ligand binding and receptor function [123] Cytokine stimulation significantly increased binding of IC to FcγRI-expressing cells both when they were
prebound with IgG or not, without altering FcγRI expression. Interestingly, this effect
was inhibited by okadaic acid (OA), a phosphatase inhibitor which specifically inhibits
PP2A at low doses [126] These studies revealed a novel cytokine-dependent regulation of
FcγRI avidity.How cytokine signalling alters FcγRI to increase its binding capacity is still
unknown. Potential explanations include changes in FcγRI structure, mobility and/or dynamics. There is increasing evidence indicating that the membrane environment can modulate each of these aspects of receptor behaviour [?, 127–129]. Furthermore, the plasma
membrane is organised into microdomains, such as actin corrals, lipid rafts and protein
islands, that play an essential role in promoting signal transduction for a number of membrane proteins [127, 128]. One well-known example is the role of clustering in integrin
inside-out regulation, where even a subtle increase in clustering can lead to significant
increases in cellular adhesion [130, 131]. For immune receptors, receptor clustering by
microdomains is equally important. Altered clustering has been shown to facilitate antigen binding to FcRI [57], regulate BCR activity [132] and enhance FcγRIIa binding to
ligand [129]. Previous work has provided evidence that FcγRI resides in lipid raft domains
and disruption of lipid rafts could increase ligand binding [133]. Here, we sought to elucidate whether FcγRI inside-out regulation by cytokine stimulation might lead to changes
in the nanoscale distribution of the receptor, which in turn would modulate ligand-binding
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capacity.

5.3

Results and Discussion

For our studies, we made use of the previously characterised FcγRI-expressing Ba/F3 cell
line [125], but utilised a small synthetic antigen, DNP24-BSA, and fluorescently labelled
anti-DNP IgG. This system allowed us to study the dynamics and distribution of FcγRI
receptors in both the presence and absence of antigen or IC with high-resolution imaging. Consistent with previous studies [125], we found that IL-3 stimulation significantly
enhanced the binding of Ba/F3-FcγRI cells to preformed IC (AF647-IgGαDNP:DNP24BSA mixed at 3:1 ratio) and this effect could be blocked by the addition of OA (Figure 5.1a). FcγRI expression was constant under all treatments (Figure 5.1b), confirming
that the cytokine-induced binding enhancement was not a result of receptor upregulation.
Since the levels of receptor expression were unchanged, we used fluorescence microscopy
to examine whether the receptor distribution in the plasma membrane was altered. Using
confocal imaging, we did not observe large-scale changes in receptor organization (Figure 5.1c). However, significant changes in protein organization could be occurring at a
scale not accessible using the diffraction limited resolution of confocal imaging.
To gain insight into the nanoscale organization of FcγRI in the plasma membrane, we
used dSTORM, a localization-based super-resolution imaging technique that provides 20
nm resolution [67]. Images were reconstructed from independent localization of AF647IgGαDNP on the basal side of the Ba/F3-FcγRI cells. Figure 5.2a shows representative super-resolution images of FcγRI distribution from control, IL-3-treated and antigenbound cells. To quantify our results, we used a customised implementation of the Getis-G
cluster detection to classify localizations into clusters based on their relative local spatial
density [134]. This approach allowed us to identify individual clusters and make comparisons between the distributions of clusters across different conditions. We found that the
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Figure 5.1: (a) Binding of IC is increased after IL-3 stimulation of Ba/F3 FcγRI cells. IC were

composed of AF647-IgGαDNP:DNP24-BSA ( 3:1 ratio) and binding of these IC to Ba/F3 FcγRI
cells was measured using flow cytometry. The mean fluorescence intensity (MFI) of the cells is
depicted. p<0.01: **, p<0.001: ***, ns: not significant. (b) FcγRI expression does not change
after IL-3 stimulation. Ba/F3-FcγRI expression was measured using flow cytometry after 1 h IL-3
stimulation (IL-3) or not (no IL-3). Where indicated, cells were pretreated with 1 µM okadaic acid
(OA) before IL-3 stimulation (IL-3/OA). Dotted line represents the isotype control. A representative expression profile is depicted of n=4 individual experiments. (c) A change in FcγRI (green)
distribution after IL-3 stimulation was not observed using confocal microscopy. Two representative
images for each condition are shown. Scale bar represents 5 µm. In addition to surface expression
of FcγRI, it is interesting to note that an intracellular pool of FcγRI was also present.

equivalent cluster diameter, calculated as the diameter of a circle with the same area as the
convex hull of all fits within a cluster, was a useful representation of cluster size. Examples
of the clusters identified by this analysis are shown in Figure 5.2b. In Figure 5.2c, we plot
the FcγRI cluster sizes for each condition, where each symbol represents the mean cluster
size in an individual 2.5 mm2 region of interest. Consistent with other reports of antigeninduced receptor crosslinking [57], addition of antigen resulted in the formation of large
FcγRI clusters in all conditions (Figure 5.2c, Supplementary Fig. 1a). Cluster size was dependent on antigen dose (Supplementary Fig. 1b), verifying that these observed changes
were antigen specific. In line with the increased antigen binding seen in flow cytometry, antigen-induced clusters were larger in IL-3 stimulated cells at all doses (Figure 5.2c,
Supplementary Fig. 1b). Notably, we found that even before antigen addition, IL-3 stimulation promoted an increase in the size of receptor clusters and these increased further
with antigen (Figure 5.2c). This IL-3-induced increase in cluster size was prevented by
pretreatment with OA (Figure 5.2c), the same treatment that reversed the effect of IL-3 on
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IC binding (Figure 5.1a). Similar results were obtained when preformed IC were added
to Ba/F3-FcγRI cells labeled with AF647-IgGαDNP (Supplementary Fig. 1c) or when
AF647-conjugated human IgG1 was used (Supplementary Fig. 1d). These results demonstrate that cytokine stimulation leads to an enhanced clustering of FcγRI and that this
is dependent on phosphatase activity. When performing dSTORM imaging, a minimum
cluster size is generated from a single fluorophore due to repeated localizations and the
precision of the measurement. Therefore, to confirm that the small shift in cluster diameter observed with IL-3 stimulation was due to multiple proteins in a cluster, we performed
two-colour dSTORM. In these experiments, FcγRI was labelled stochastically with either
AF647-IgGαDNP or Cy3B IgGαDNP (Figure 5.2d) and receptor proximity was quantified using localization-based cross-correlation analysis [135]. As seen in Figure 5.2e, the
cross-correlation function for FcγRI in the absence of IL-3 is close to 1, but shows a small
increase at short distances (<100 nm), indicating that a fraction of receptors exist in small
clusters (e.g. dimers) in the absence of crosslinking (Figure 5.2e, black). FcγRI dimerization has been suggested before as mechanism by which the affinity of FcγRI can be
maximized and such a model would fit with our data [136]. Upon stimulation with IL-3,
the correlation function at short distances dramatically increases (Figure 5.2e, red), further
demonstrating that IL-3 drives receptor clustering. Again, pretreatment with OA before
IL-3 addition prevented the increase in clustering (Figure 5.2e, blue). The enhanced clustering correlates with the conditions that induce increased antigen binding, suggesting that
cytokine stimulation sensitises the cells to engage antigen/IC by preclustering of FcγRI.
The super-resolution imaging results demonstrate that FcγRI spatial organization is
changed after cytokine stimulation. We next used single particle tracking (SPT) to determine whether changes in mobility are also linked with cytokine stimulation. Streptavidin quantum dots (QD) were conjugated to biotinylated IgGαDNP (QD-IgG) and used
to track the motion of individual FcγRI. From these trajectories, we calculated the receptor diffusion coefficient (D) under control, IL-3 stimulated and antigen-bound conditions.
Addition of multivalent antigen significantly reduced receptor mobility under all condi-
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Figure 5.2: Detailed description moved to Supplement

tions (Figure 5.2e,f). This is consistent with the formation of crosslinker-induced receptor
aggregates, as shown previously for FcRI [57], and the increased cluster size observed in
dSTORM (Figure 5.2a-c). We were surprised to find that while IL-3 stimulation did induce a small, but significant, increase in receptor diffusion, this change was not prevented
by OA pretreatment (Figure 5.2g) indicating that the mobility change was not directly related to the enhanced binding capacity of FcγRI. To confirm these results, we also used
fluorescence recovery after photobleaching (FRAP) to measure the ensemble mobility of
FcγRI using a Ba/F3 cell line expressing FcγRI-eYFP. Differences in diffusion with IL-3
treatment were not detected with this lower temporal resolution technique (Figure 5.2h),
consistent with the small changes seen in the SPT experiments.
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Figure 5.3: (a) LatA treatment reduces binding of large IC. Beads were opsonised with 1 µg/mL

antibody and added to Ba/F3-FcγRI cells. Rosettes were defined as cells bound with âL’ě5 beads.
Example images of the rosette assay are shown; arrows indicate rosettes. Beads are 4.5 µm in size,
Ba/F3-FcγRI cells are 10 µm in size. (b) Bar graph shows the quantification of rosette formation.
Beads were opsonised without or with the indicated antibody (Ab) concentrations and added to
Ba/F3-FcγRI cells. Data from n=3 independent experiments is shown. (c) LatA inhibits increased
clustering of FcγRI after IL-3 stimulation. Ba/F3-FcγRI cells were stimulated with IL-3 for 1 hr
(IL-3) or not (no IL-3). To inhibit actin polymerization, 0.1 µg/mL latrunculin A (+ LatA) was
added before IL-3 stimulation. Super-resolution images of FcγRI distribution were acquired and
analysed as in Figure 5.2. For each condition, 9-12 cells from n=2 individual experiments were
combined and analysed. Line represents the median. p<0.1: *, p<0.001: ***, p<0.0001: ****, ns:
not significant
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Since the intracellular tail (CY) of FcγRI has been shown to interact with three actinbinding proteins (filamin A, periplakin and protein 4.1G9,24), we postulated that actin
rearrangement could be facilitating the observed cytokine-induced changes in receptor.
Binding of Ba/F3-FcγRI cells to opsonised particles (beads or erythrocytes) has traditionally been used to quantify binding efficiency [124, 125]. We first used this technique to
determine whether disruption of the actin cytoskeleton would influence FcγRI binding capacity. Using IgG-coated beads we measured rosette formation (defined as ≥5 beads/cell)
in the presence and absence of Latrunculin A (LatA), an inhibitor of actin polymerization.
Sample images from the rosette assay and quantification of the results are shown in Figure 5.3. Consistent with previous data [125], we detected a nearly two-fold increase in the
percentage of rosettes with IL-3 stimulation (Figure 5.3a,b). In contrast, pretreatment of
the cells with LatA before IL-3 stimulation significantly reduced the rosette formation to
the similar extent as OA (Figure 5.3a,b). Importantly, LatA treatment did not alter FcγRI
surface levels (data not shown). Considering the dramatic effect of LatA on IC binding,
we next examined the effect of cytoskeletal disruption on FcγRI organization. LatA did
not change FcγRI cluster size in control cells or prevent the formation of larger aggregates with antigen (Figure 5.3c). However, LatA did prevent the ability of IL-3 to enhance
FcγRI cluster size both before and after antigen (Figure 5.3c). From these results, we conclude that the cytokine enhanced clustering of FcγRI specifically requires an intact actin
cytoskeleton.
The above experiments were performed using the Ba/F3 cell line expressing FcγRI.
To confirm that cytokine regulation of FcγRI clustering occurs in other immune cells, we
performed experiments to quantify receptor organization and dynamics in primary human
monocytes from healthy donors. Human monocytes endogenously express FcγRI and it
has been previously shown that a combination of two cytokines, IFNγ and TNFα, induced
inside-out regulation of FcγRI in these cells [125, 137]. The cluster sizes observed in human monocytes were comparable to those measured in Ba/F3-FcγRI cells and stimulation
with IFNγ/TNFα increased FcγRI clustering, both before and after adding antigen (Fig-
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Figure 5.4: (a) Super-resolution images of FcγRI distribution in human monocytes were acquired

and analysed as in Figure 5.2. Human monocytes were or were not stimulated with IFNγ/TNFα
cytokines for 1 hr and then labelled with AF647-IgGαDNP. Cells were then cross-linked with
DNP24 BSA at 1 µg/mL (+ antigen). For each condition, 5-8 cells per donor were analysed and
the data of two donors were combined. (b) Single particle tracking (SPT) of FcγRI on the apical
surface of human monocytes was done using QD655-IgGαDNP. Diffusion coefficient (D) values
were calculated from n=4 experiments using cells from two different donors, and the mean ± SD
values are shown. Supplementary Table 1 provides the corresponding values. p<0.0001: ****, ns:
not significant.

ure 5.4a). Addition of antigen to induce crosslinking of FcγRI caused a slight reduction
of FcγRI mobility, although not significant. Consistent with mobility changes not being
required for FcγRI regulation, IFNγ/TNFα treatment did not change the receptor mobility when compared to non-stimulated cells (Figure 5.4b). As with Ba/F3-FcγRI cells,
stimulation of monocytes with cytokines did not alter FcγRI expression (Supplementary
Figure 5.2). These data in primary human monocytes confirm that cytokine-induced FcγRI
clustering is a physiologically relevant mechanism in immune cell function.
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Figure 5.5: (a) Due to its high affinity, FcγRI is bound by monomeric IgG in resting cells.
As indicated by our two-colour super-resolution cross-correlation results, FcγRI might exist as
monomers or small multimers. (b) Cytokine stimulation of FcγRI-expressing cells first induces
âĂŸoutside-inâĂŹ signalling when a cytokine binds its cytokine receptor. Subsequently, some
form of inside-out regulation is initiated resulting in increased clustering of FcγRI in the plasma
membrane (inside-out regulation-induced clustering). A dephosphorylation event is essential for
this process, since the phosphatase inhibitor okadaic acid (OA) can inhibit FcγRI inside-out activation via an unknown target. Increased actin polymerization is likely to facilitate the clustering of
FcγRI, although these clusters retain the same mobility as without cytokine stimulation. This increased clustering leads to increased avidity and leaves the cell in a sensitised state that has a higher
immune complex (IC) binding capacity. (c) The presence of antigens or IC can induce clustering of
FcγRI (antigen-induced clustering). These cluster sizes are approximately similar to the inside-out
regulation-induced clusters of FcγRI. However, the mobility of these clusters is decreased, since
antigen or IC binding initiates crosslinking of FcγRI. (d) Antigens or IC can bind more efficiently
to FcγRI on cells stimulated with cytokines due to increased avidity of receptor clusters.
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5.4

Conclusions

Our results provide the first evidence for a nanoscale reorganization of FcγRI in response
to cytokine stimulation. These changes in FcγRI organization were consistently observed
in both our model cell line and primary human monocytes. While we have shown that
enhanced clustering occurs in response to cytokine stimulation, we cannot rule out the
possibility that FcγRI also undergoes a conformational change. A recent study demonstrated that the third ectodomain (EC3) of FcγRI undergoes a conformational shift after
ligand binding [138]. This supports the hypothesis that FcγRI might also adopt an ’active
conformation’ that favours ligand and IC binding. The increase in receptor clustering was
prevented when cells were treated with inhibitors of phosphatases or actin polymerization,
indicating an important role for these in FcγRI inside-out regulation (Figure 5.5). It is currently unknown which phosphatase is targeted by OA in FcγRI-expressing cells and where
dephosphorylation takes place, although PP2A has been excluded as the phosphatase involved (own unpublished observations). It is tempting to speculate that FcγRI itself might
be dephosphorylated after inside-out regulation, since it is constitutively phosphorylated
in resting cells on four serines in the CY domain [139]. The dependence on actin polymerization suggests that cytokine stimulation may induce a necessary cytoskeleton rearrangement that facilitates FcγRI clustering and sensitises the cells to bind opsonised pathogens.
In general, regulatory mechanisms within the immune system are essential to ensure effective immune responses against invading pathogens while preventing tissue damage and
autoimmune responses. Specifically, FcγRI-bearing cells like activated neutrophils can
very effectively kill bacteria but can also induce severe tissue damage (by the release of
ROS, NETs, and proteases). Triggering of neutrophils by FcγR must be tightly regulated in order to only occur at the site of infection by opsonised bacteria, which are large
IC, and not by monomeric IgG. Cytokine-induced inside-out regulation of FcγRI might,
therefore, provide an important threshold for immune regulation. Here we showed that
enhanced nanoscale receptor clustering directly correlates with enhanced macroscale IC
binding. Thorough understanding of these regulatory mechanisms of FcγRI will aid us in
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the future to manipulate immune responses, for example during infections, vaccinations,
antibody immunotherapy or autoimmune diseases.

5.5

Acknowledgements

We thank Dr. Cees van der Poel for generating the cell lines described in this paper. In
addition, we wish to thank Dr. Maud Plantinga for generously providing us with human cytokines and Dr. Kendall Crookston for assistance with acquiring human monocytes. This work was supported by an EFIS-IL World Fellowship to AMB, a NIH Grant
R01GM100114 to DSL and the New Mexico Spatiotemporal Modeling Center (STMC),
a NIH funded systems biology center (P50GM085273). Images in this paper were generated in the NM STMC Super-resolution Core or the University of New Mexico & Cancer Center Fluorescence Microscopy Shared Resource, funded as detailed on: http:
//hsc.unm.edu/crtc/microscopy/acknowledgement.shtml.

5.6

Experimental Methods

Cell lines and reagents
Ba/F3 cells (murine pre-B cell line) were cultured in RPMI medium (RPMI 1640; GIBCO)
supplemented with 10% fetal calf serum (FCS), penicillin/streptomycin, and murine IL-3
(kindly provided by Paul Coffer, UMC Utrecht), as described [124, 125]. The retroviral
vector pMX human FcγRI was described previously [133]. In addition, the human FcγRI
in this vector was replaced with a fusion protein of human FcγRI and eYFP (eYFP fused
to c-terminus of FcγRI). Amphotropic viral particles produced in HEK293T cells were
used to transduce Ba/F3 cells. After transduction, Ba/F3-FcγRI and Ba/F3-FcγRI-eYFP
cells were sorted on a FACSAria (BD Biosciences) for FcγRI expression and further subcloned by limited dilution. Parental Ba/F3 cells do not express any endogenous FcγR,
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but they do express the endogenous murine FcR γ-chain, which associates with FcγRI
in the plasma membrane. Directly labeled anti-FcγRI, either Alexa Fluor 488 (AF488)
or AF647, were both from Biolegend (mouse IgG1, clone 10.1). eFluor450 labelled
anti-CD14 (clone 61D3) was obtained from eBioscience. Rabbit IgG-anti-dinitrophenyl
(IgGαDNP, polyclonal antibody; Vector Labs) was biotinylated and subsequently conjugated to QD655 (Invitrogen) as described previously for IgE [57]. IgGαDNP and human IgG1-anti-trinitrophenyl [140] (IgG1αTNP) were fluorescently labeled with AF647
or Cy3B (Life Technologies), following the same protocol as for biotinylation, resulting
in a dye:protein ratio of approximately 3:1. Where indicated, either 1 µM okadaic acid
(OA; Enzo Life Sciences) was added for 30 min or 0.1 Îijg/mL latrunculin A (LatA; Life
Technologies) was added 10 min before IL-3 stimulation. In both cases the inhibitors were
kept present during the IL-3 stimulation. Eight-well Lab-Tek chambers (Nunc, Rochester,
NY) were coated with poly-l-lysine (1 mg/mL in 10% 1x PBS, 90% water) for 30 min at
RT, washed three times with water and dried before adding Ba/F3-FcγRI cells, to allow
the cells to adhere. Thrombin (human α-thrombin) and fibrinogen (human fibrinogen depleted from plasminogen, von Willebrand Factor, and fibronectin) were both from Enzyme
Research Laboratories.
Analysis of FcγRI (CD64) expression and binding to IC
Ba/F3-FcγRI cells were starved from cytokines overnight in RPMI with 1% FCS. The
next day, cells were stimulated with IL-3 (in RPMI with 1% FCS) for 1 h at 37C. For
confocal microscopy, the cells were added to eight-well Lab-Tek chambers, fixed with 4%
paraformaldehyde (PFA; Sigma) and stained with AF488 anti-FcγRI. Images were collected on a Zeiss LSM510 two-photon confocal microscope (Zeiss Axiovert 200M inverted
microscope with X,Y-motorised stage) with a 63x oil-immersion objective using an argon
laser. For flow cytometry, 1x105 Ba/F3-FcγRI cells/well were added to a 96 well plate,
washed once with cold PBS and stained with AF647 anti-FcγRI for 1 h at 4C. Afterwards,
cells were washed with PBS and fixed with 1% PFA. Expression of FcγRI was measured
on a FACSCanto II (BD Biosciences). Binding of Ba/F3-FcγRI to DNP24-BSA IC was
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measured using flow cytometry. 105 cytokine-starved Ba/F3-FcγRI/well were added to a
96 well plate and stimulated with IL-3 for 1 hour in 1% FCS RPMI at 37C. Where indicated, cells were pretreated with 1 µM OA for 30 min before IL 3 stimulation. Afterwards,
cells were washed once with cold PBS and preformed IC (AF647-IgGαDNP:DNP24-BSA
mixed at 3:1 ratio) were added to the cells in 1% RPMI. After 1 hour incubation on ice,
cells were washed with cold PBS and fixed with 1% PFA. IC binding was measured on a
HyperCyt Autosampler (Intellicyt).
Primary monocytes
PBMCs were isolated from healthy donors using ficoll centrifugation. The cells were
allowed to rest for 1 hour in 1% FCS RPMI at 37C in (uncoated) eight-well Lab-Tek
chambers at a density of 1.2 x 106 PBMCs per well. Next, PBMCs were stimulated with
tumour necrosis factor (TNFα) and IFNγ (500 and 400 U/mL, respectively) for 1 hour
in 1% FCS RPMI at 37C. During the last 10 min of this incubation, 5 µg/mL IV.3 antigen binding fragments (F(ab)2) and 1 µg/mL 3G8 F(ab)2 fragments were added to block
the other FcγR. Wells were washed once with 1% FCS RPMI to remove all the unbound
cells, leaving the adherent cells (monocytes) in the wells. Next, the cells were stained for
SPT or super-resolution imaging. For flow cytometry, 2x105 PBMCs/well were added to
a 96 well plate and stimulated with TNFα and IFNγ (500 and 400 U/mL, respectively)
for 1 hour in 1% FCS RPMI at 37C. Afterwards, cells were washed once with cold PBS
and stained with eFluor450 anti-CD14 and AF647 anti-FcγRI for 1 h at 4C. Cells were
washed with PBS and fixed with 1% PFA. Expression of FcγRI on CD14high monocytes
cells was measured on a FACSCanto II (BD Biosciences).
Sample preparation for super-resolution imaging
Ba/F3-FcγRI cells were starved from cytokines overnight and stimulated with IL-3 as described above. Following IL 3 stimulation, the cells were labelled with AF647-IgGαDNP
(2 µg/mL) for 15 min at RT (rabbit IgG binds human FcγRI very efficiently with its Fctail). For two-colour super-resolution imaging, the cells were labeled with a mix of AF647IgGαDNP (0.667 µg/mL) and Cy3B-IgGαDNP (1,333 µg/mL). After labeling, the cells

124

Chapter 5. Super-resolution Imaging Reveals Cytokine Induced Clustering of FcγRI

were washed three times with PBS and incubated in Hanks buffer with or without antigen
(DNP24 -BSA at 1 µg/mL, unless other concentrations are indicated) for 10 min at 37C.
Cells were washed once with Hanks buffer, plated in eight-well Lab-Tek chambers and
adherence was allowed for 10 min at 37ÂřC. Cells were then fixed with 4% PFA and 0.2%
gluteraldehyde for 1-2 h. Wells were washed once with 10 mM Tris and once with PBS.
Prior to super-resolution imaging, PBS was aspirated and 200 µL of fresh SRB (Superresolution buffer: 50 mM Tris, 10 mM NaCl, 10% glucose, 168.8 u/mL glucose oxidase,
1404 u/mL catalase, 10 mM cysteamine hydrochloride, pH 8.0) was added to the well.
Labelling of primary human monocytes followed the same protocol as for Ba/F3-FcγRI,
with some adjustments: the labelling and incubation with antigen were both done at 37C,
the number of washes after labelling was increased to five times, and monocytes were
fixed immediately after incubation with IC. For Supplementary Fig 1c, Ba/F3-FcγRI cells
were incubated with 1 µg/mL DNP24-BSA or preformed IC (AF647-IgGαDNP:DNP24BSA mixed at 3:1 ratio). For Supplementary Fig 1d, Ba/F3-FcγRI cells were labelled with
AF647-human IgG1αTNP. This anti-TNP antibody is cross-reactive with DNP and binds
DNP24 -BSA with a similar affinity as rabbit IgGαDNP (as measured with a DNP24 -BSA
binding ELISA).
Super-resolution imaging
dSTORM imaging was performed using an inverted microscope (IX71; Olympus America, Center Valley, PA) equipped with an oil-immersion objective 1.45 NA total internal
reflection fluorescence objective (U-APO 150x/NA 1.45; Olympus America)20. A 637
nm diode laser (HL63133DG; Thorlabs) was used for AF647 excitation, and a 561 nm
frequency-doubled diode laser (Spectra-Physics Cyan Scientific; Newport, Irvine, CA)
was used for Cy3B excitation. A quad-band dichroic and emission filter set (LF405/488/561/635A; Semrock, Rochester, NY) was used for sample illumination and emission. Emission
light was separated onto different quadrants of an AndorIxon 897 electron-multiplying
charge-coupled device (EM CCD) camera (Andor Technologies, South Windsor, CT), using a custom built 2 channel splitter with a 585 nm dichroic (Semrock) and additional
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emission filters (692/40 nm and 600/37). Images were acquired at 57 frames/s in TIRF
and between 10,000-20,000 frames were collected for each image reconstruction. The
sample chamber was mounted in a three-dimensional piezostage (Nano-LPS; Mad City
Labs, Madison, WI) with a resolution along the xyz-axes of 0.2 nm. Sample drift was
corrected for throughout the imaging procedure using a custom-built stage stabilization
routine.
Image reconstruction and data analysis
dSTORM images were analysed and reconstructed with custom-built MATLAB functions
as described previously [62, 94]. Images were reconstructed from between 100,000 and
500,000 fit positions. For each image frame, subregions were selected based on local
maximum intensity. Each subregion was then fitted to a pixelated Gaussian intensity distribution using a maximum likelihood estimator. Fitted results were rejected based on loglikelihood ratio and fit precision estimated using the CramérâĂŞRao lower bound values
for each parameter fit, as well as intensity and background cut-offs. Analysis of dSTORM
FcγRI cluster data was performed using SuperCluster (Jan. 2014 release), a custom programme written in MATLAB and described elsewhere [134]. Code for SuperCluster is
available at the UNM STMC website software page (http://stmc.health.unm.edu). Briefly,
a complete set of pairwise distances are calculated based on user-selected regions of interest (ROIs), with optional minimum and maximum distance cut-offs. From these pairwise
distances, the pairwise cumulative distribution function (CDF) is calculated. The ROIs are
then broken down into equal-sized subregions with a user-specified area. Each subregion
is assigned a value based on the number of dSTORM localizations it contains. This new
subregion matrix is then used to calculate the Getis G statistic of local spatial association [141]. The calculation is performed based on the following equation
Pn
j=1 wi j (d)x j
Pn
, f or j , i
Gi (d) =
j=1 x j
where wi j is a weight matrix based on the inverse distance between subregions, and d is
the pairwise distance between subregions i and j. In this way, receptor clusters can independently be identified in the dataset, without the requirement for arbitrary user-defined
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parameters. Clusters size was analysed using the cluster equivalent diameter, the equivalent diameter of a circle with the same area as the given region. For each imaged cell, 3-5
ROIs of 2500 nm2 were analysed and the size of each cluster as well as a mean cluster size
for each ROI were determined.
Two-colour imaging and image alignment
Dual-colour images were acquired by imaging AF647 and Cy3B sequentially. AF647 was
imaged first to prevent photobleaching by Cy3B. To correct for shifts due to chromatic
aberrations, channels were aligned using multicolour beads (Tetraspek; Invitrogen). Using the piezostage, we placed a single Tetraspek bead at 36 locations (6 x 6) uniformly
distributed across the image window. The emission position in both channels was fitted
and recorded. A locally weighted transform between the channels across the image was
determined as described before [142]. This transform was then used to convert fits from
the Cy3B channel into the AF647 channel. A channel registration data set was always
taken within 2 h of any data acquisition. This was necessary to ensure that the registration
transform was relevant and that no alignment drift occurred. Two-colour super-resolution
datasets were analysed by localization-based cross-correlation analysis similar to previously described methods [78,135,143,144]. Briefly, a subregion within each cell (typically
25-100 µm2, excluding the lateral membrane region) was selected, and opposite colour localizations were binned radially in 20 nm bins. Data was normalised to total center counts
and to the average number of localizations per unit area. Shown is the normalised radial
distribution function (RDF) with 20 nm bin size of 3-4 cells per condition imaged over
several days, treating the RDF of each cell as independent (mean ± standard error).
Sample preparation for single particle tracking (SPT)
Ba/F3-FcγRI cells were starved from cytokines overnight and stimulated with IL-3 as described above. These cells were labelled with a low concentration of QD655-IgGαDNP
(2 nM) for 5 min at RT and subsequently saturated with unlabelled IgGαDNP (100 nM)
for 5 min at RT. This resulted in the labelling of single receptors (2-20 per cell). The cells
were washed three times with PBS, resuspended in Hanks buffer and plated in eight-well

127

Chapter 5. Super-resolution Imaging Reveals Cytokine Induced Clustering of FcγRI

Lab-Tek chambers. Labelled Ba/F3-FcγRI cells were imaged on the apical side within 1 h
after adding them to the Lab-Tek chambers. Where antigen is indicated, DNP24-BSA (Invitrogen) was added to the cells (1 µg/mL final concentration) and the cells were imaged
up to 10 min afterward. For each condition, data was combined from 10-20 experiments,
taken over 3-5 different days. Within an experiment, tracks from 5-10 different cells were
acquired resulting in over 200 FcγRI trajectories/experiment.
SPT image registration and processing SPT was performed as described previously [88,
145]. Images were acquired at 20 frames/s using an Olympus IX71 inverted microscope
with a 60x1.2-numerical-aperture water objective lens combined with an extra 0.6 magnification. An objective heater (Bioptechs, Butler, PA) maintained samples at 34 to 35C. A
mercury lamp with a 436/10-nm BP excitation filter provided wide-field excitation. Emission was collected by an electron multiplying charge-coupled device camera (Andor iXon
887) using a DuoView image splitter (Optical Insights) to image the QD655 (655/40 BP)
probe. All data reported were collected after focusing on the apical (upper) surface of the
cells. Image processing was performed using MATLAB (The MathWorks, Natick, MA)
functions in conjunction with the image processing software DIPImage (Delft University
of Technology). Single molecule localization and trajectory elongation were performed
as previously described [146]. The diffusion coefficient (D) was calculated based on the
mean square displacement (MSD) over all QD655 tracks within an experiment17 as defined above. The mean ± SD D value across multiple experiments was reported per condition.
Fluorescence recovery after photobleaching (FRAP)
For FRAP experiments, Ba/F3-FcγRI-eYFP cells were washed twice in PBS and seeded
in a fibrin-matrix (2.5 mg/mL fibrinogen and 1x10-4 U/uL thrombin in RPMI 1640 without phenol red supplemented with 1% FCS/2 mM L-glutamin on a µ-Dish (35 mm, high;
Ibidi). We found it was necessary to stabilise the cells within a fibrin matrix to prevent
movement of the cells. The cells were incubated overnight in this matrix; to prevent dehydration of the matrix RPMI without phenol red with 1% FCS/L-glutamin was added.
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The next day, FRAP measurements were performed on these cells (no IL 3) or after IL-3
stimulation for 30 minutes (IL-3). FRAP experiments were performed on a Zeiss LSM710
confocal microscope with a 63x oil objective lens and an environmental chamber for temperature (37C) and CO2 (5%) control. An argon laser provided the 488 nm excitation. 10
pre-bleach images were acquired, after which a small area ( 1 µm2 ) spanning the membrane was bleached for 0.2 s to obtain a bleach of 50%. The fluorescence in this region
was monitored by acquiring images at 7.3 frames/s for 30-35 s per cell. For each condition, >70 cells were measured. The fluorescence intensity of the bleached area was
corrected for loss of fluorescence during the measurement (by subtracting the background
fluorescence intensity and correcting for the overall fluorescence intensity) and normalized (by setting the mean fluorescence before bleaching to 1; this corrects for differences
in cell fluorescence between measurements). The relative mean fluorescence intensity of
the bleached area of all cells per condition was plotted and a non-linear two-phase association (GraphPad Prism 6 software) was used to fit the experimental data. To determine the
mobile fraction (Mf) of receptors, the following equation was used:
M f = (I plateau − I0 )/(1 − I0 )100

(5.1)

where I plateau is the maximal fluorescence intensity of the two-phase association fit (plateau)
and I0 is the average fluorescence intensity directly after bleaching (minimum y-axis value
of the two-phase association fit).
Rosette assay
The rosette assay using Dynabeads was adapted from Van der Poel et al.1. Briefly, DNP24 BSA was coupled to epoxy activated Dynabeads M-450 (Invitrogen) following the manufacturer’s protocol. DNP24 -BSA-Dynabeads were subsequently opsonised with rabbit
IgG-anti-DNP using the indicated concentrations to form immune complexes (IC). Unbound IgG was washed away and beads were resuspended in 1% BSA in PBS. Ba/F3FcγRI cells were starved from cytokines overnight and stimulated with IL-3 as described
above. In a 96 wells plate, 1x105 Ba/F3-FcγRI cells were combined with 3.5x105 beads
and incubated for 1 h at 4C on a shaker. Cells were washed once with cold 1% BSA in
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PBS and fixed using 1% PFA in PBS. After resuspending vigorously, rosette formation
was evaluated using microscopy (20x phase contrast, EVOS digital inverted microscope;
Life Technologies). All cells that had bound âL’ě5 beads were defined as rosettes. For each
condition, 5-7 fields containing 50-200 cells were scored and the percentage of rosettes of
the total number of cells was calculated per field.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 6 software. The Student’s ttest was used to compare the mean values in Figure 5.1a and Supplementary Fig 1b. For
comparing FcγRI cluster sizes, significance was calculated using the Mann-Whitney test
(Figures 5.2c, 5.3c, 5.4a, Supplementary Figs 1c,d). A multiple comparison ANOVA was
used to compare the mean of different groups in IC binding and SPT experiments (Figures 5.2g, 5.3b, 5.4b). *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001, ns: not
significant. Graphs of FcγRI cluster sizes show the median, unless indicated otherwise.
Other graphs represent mean ± SD, unless indicated otherwise.

5.7

Supplemental Work

Caption for Figure 5.2 (a) Super-resolution images of FcγRI distribution on the basal
plasma membrane. Ba/F3-FcγRI cells were labelled with AF647-IgGαDNP and then
stimulated with IL-3 for 1 h (IL-3) or not (no IL 3). Where indicated, cells were then
incubated with DNP24-BSA at 1 µg/mL (+ antigen). One representative reconstruction
for each condition is shown. Scale bar represents 500 nm. (b) Images in (a) were analysed
by identifying clusters of FcγRI using a customised implementation of the Getis-G cluster
detection, which independently identifies receptor clusters in the dataset. Examples of the
identified FcγRI clusters are depicted. Scale bar represents 100 nm. (c) For each condition, 20-30 cells from n=3 individual experiments were combined and analysed. For each
cell, 3-5 regions of interest (ROIs) of 2500 nm2 were selected and analysed. The mean
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cluster diameter for all regions is shown. Where indicated, cells were pretreated with 1
µM okadaic acid (OA) before IL-3 stimulation (IL-3/OA). Line represents the median.
(d) FcγRI was labelled with a mix of AF647-IgGαDNP (magenta) and Cy3B-IgGαDNP
(green) for two-colour super-resolution imaging. Two representative images are shown.
Scale bar represents 200 nm. (e) Images in (d) were analysed using a localization-based
cross-correlation analysis. The solid black line indicates a cross-correlation g(r) = 1, which
is considered ’bulk density’. 2-3 regions of 3-4 cells per condition were analysed and the
average g(r) is depicted. IL-3 stimulation (red) shows increased cross-correlation at short
distances compared with no stimulation (black) or with OA treatment before stimulation
(blue). (f) Single particle tracking (SPT) of individual FcγRI using QD655-IgGαDNP.
Ba/F3-FcγRI cells were stimulated with (IL-3) or without (no IL-3) IL-3 for 1 h both
before and after addition of DNP24-BSA antigen at 1 µg/mL (+ antigen) to induce IC.
Example particle tracks of IL-3 ± antigen are depicted. Scale bar represents 1 µm. (g)
Diffusion coefficients (D) for FcγRI mobility calculated under all conditions using MSD
analysis of single particle trajectories. The mean ± SD of diffusion coefficients found over
multiple experiments is shown. Supplementary Table 1 provides the corresponding values.
Where indicated, cells were pretreated with 1M okadaic acid (OA) before IL-3 stimulation (IL 3/OA). (h) FRAP of Ba/F3-FcγRI-eYFP cells stimulated with (IL-3) or without
(no IL-3) IL-3 for >30 min. A small area ( 1 µ m 2 ) spanning the membrane of these cells
was bleached and the fluorescence recovery was measured over time. The fluorescence
recovery is depicted as the mean relative fluorescence (normalised and corrected) of >70
cells for each condition. The curve (black line) is calculated by non-linear two phase fitting of the data. Supplementary Table 1 provides the corresponding FRAP parameters.
p<0.01: **, p<0.001: ***, p<0.0001: ****, ns: not significant.
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Figure 5.6: (a) The cumulative distribution of cluster sizes for all identified FcγRI clusters used
in Figure 2c. For each condition, 20-30 cells from n=3 individual experiments were combined
and analysed, resulting in 1500-2500 cluster sizes per condition. (b) The enhanced FcγRI cluster
sizes are dependent on antigen (DNP24-BSA) concentration and IL-3. Mean FcγRI cluster sizes
of each ROI are depicted for different DNP24-BSA concentrations. For each condition, 15-20
cells from two individual experiments were combined and analysed. Values are mean ± SEM. (c)
Preformed IC also increased mean FcγRI cluster diameter after IL-3 stimulation. Stimulated (IL3) or unstimulated (no IL-3) Ba/F3-FcγRI were incubated with 1 µg/mL DNP24-BSA (+ antigen)
or IC (+ IC) composed of AF647-IgGαDNP:DNP24-BSA ( 3:1 ratio). For each condition, 3-5
ROIs of 8-12 cells were analysed. (d) After IL-3 stimulation, FcγRI was bound to AF647-labelled
human IgG1. Where indicated, cells were incubated with DNP24-BSA at 1 µg/mL (+ antigen).
Each label represents the mean FcγRI cluster diameter within an ROI. For each condition, 8-11
cells from two individual experiments were combined and analysed. Line represents the median.
p<0.05: *, p<0.01: **, p<0.001: ***, p<0.0001: ****.
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Figure 5.7: PBMCs from two healthy donors (A and B) were stimulated with cytokines

(IFNγ/TNFα) for 1 h, after which FcγRI expression was measured using flow cytometry. Monocytes were defined as CD14high and FcγRI expression of these cells is depicted. Dotted line
represents the isotype control.

133

Chapter 5. Super-resolution Imaging Reveals Cytokine Induced Clustering of FcγRI

134

Chapter 6
Dual-color Superresolution Microscopy
Reveals Nanoscale Organization of
Mechanosensory Podosomes
K. van den Dries1 , S. L. Schwartz2 , J.M. Byars3 , M.B.M. Meddens1 , M. Bolomini-Vittori1 ,
D.S. Lidke2 ,
C.G. Figdor1 , Keith A. Lidke3 , A. Cambi1
1

Department of Tumor Immunology, Nijmegen Centre for Molecular Life Sciences, Rad-

boud University Nijmegen Medical Centre, 6500 HB Nijmegen, Netherlands
2

Department of Pathology and Cancer Research and Treatment Center, University of New

Mexico, Albuquerque, NM
3

Department of Physics and Astronomy, University of New Mexico, Albuquerque, NM

4

Nanobiophysics, MIRA Institute for Biomedical Technology and Technical Medicine

and MESA+ Institute for Nanotechnology, Faculty of Science and Technology, University
of Twente, 7500AE Enschede, Netherlands

Published Mol. Biol. Cell, 2013, 24 (13), pp 2112−2123 DOI:
10.1091/mbc.E12-12-0856
References refer to published work.

135

Chapter 6. Nanoscale Organization of Mechanosensory Podosomes

6.1

Abstract

Podosomes are multimolecular mechanosensory assemblies that coordinate mesenchymal
migration of tissue-resident dendritic cells. They have a protrusive actin core and an adhesive ring of integrins and adaptor proteins, such as talin and vinculin. We recently
demonstrated that core actin oscillations correlate with intensity fluctuations of vinculin
but not talin, suggesting different molecular rearrangements for these components. Detailed information on the mutual localization of core and ring components at the nanoscale
is lacking. By dual-color direct stochastic optical reconstruction microscopy, we for the
first time determined the nanoscale organization of individual podosomes and their spatial
arrangement within large clusters formed at the cell-substrate interface. Superresolution
imaging of three ring components with respect to actin revealed that the cores are interconnected and linked to the ventral membrane by radiating actin filaments. In core-free areas,
αMβ2 integrin and talin islets are homogeneously distributed, whereas vinculin preferentially localizes proximal to the core and along the radiating actin filaments. Podosome
clusters appear as self-organized contact areas, where mechanical cues might be efficiently
transduced and redistributed. Our findings call for a re-evaluation of the current ’core-ring’
model and provide a novel structural framework for further understanding the collective
behavior of podosome clusters.

6.2

Introduction

Cell-cell and cellextracellular matrix (ECM) interactions are tightly coordinated by supramolecular assemblies that form at the cellular plasma membrane. Well-known cell-ECM
interfaces include focal adhesions, which are integrin-based contacts linked to stress fibers
(Geiger et al., 2009). Cells specialized in crossing cellular boundaries and basement membranes also form other types of adhesion structures known as podosomesâĂŤdynamic,
dot-shaped adhesion complexes that mediate sensing of extracellular topographical cues
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and are involved in adhesion to and protrusion in the ECM (Linder et al., 2011; Murphy
and Courtneidge, 2011; van den Dries et al., 2012). Unraveling the nanoscale organization
of podosome assemblies will provide essential mechanistic insight into their structurefunction relationship. Podosomes have been observed at the contact area between the
ECM and various cells of myeloid origin, including dendritic cells (DCs; Trotter, 1981;
Marchisio et al., 1984; Gaidano et al., 1990; van Helden et al., 2006). They arrange into
higher-ordered structures, such as large clusters in macrophages and DCs or circular belts
in osteoclasts (Lakkakorpi et al., 1989; Evans et al., 2003; Burns et al., 2004), suggesting
the existence of concerted communication among podosomes at the mesoscale for which
no clear mechanism has been proposed. Individual podosomes comprise two functional
modules: a central actin core associated with protrusion, surrounded by a ring of integrins
and cytoskeletal adaptor proteins, such as talin and vinculin, associated with adhesion.
The core and the ring are believed to be connected by a filamentous actin network (Factin), where also myosin IIA is found (Gawden-Bone et al., 2010; van den Dries et al.,
2013). This actomyosin network has been shown to critically control podosome stiffness
oscillations (Labernadie et al., 2010). More recently, our group demonstrated that the interplay between myosin contractility and actin network integrity is also responsible for
the concerted intensity oscillations of the actin core and the mechanosensitive zyxin and
vinculin in the ring, leaving talin and paxillin levels unaffected. Furthermore, we showed
that the intact actin network provided an essential molecular infrastructure for maintaining
podosome integrity (van den Dries et al., 2013). Although these data suggest important differences in the molecular arrangements that could further our understanding of podosome
function, detailed information on the mutual localization of core and ring components at
the nanoscale is lacking. Podosomal architecture has mainly been investigated by conventional microscopy techniques. Confocal microscopy revealed the distinctive core-ring
organization (Marchisio et al., 1984; Pfaff and Jurdic, 2001), and transmission electron
microscopy (TEM) showed that podosome cores are characterized by an electrondense
area (Gawden-Bone et al., 2010; Labernadie et al., 2010). Confocal microscopy further
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revealed a diffuse actin staining, a socalled cloud, that surrounds the cores in osteoclasts
(Destaing et al., 2003), and scanning electron microscopy (SEM) later suggested that this
cloud comprises a network of actin filaments (Luxenburg et al., 2007; Schmidt et al.,
2011). Although TEM and SEM provide nanoscale spatial resolution, the extensive sample treatment is prone to artifacts, and simultaneous labeling of multiple protein species
remains challenging. More recently, Bayesian localization microscopy revealed that the
podosome rings are highly dynamic on a second time scale (Cox et al., 2012), but the
nanoscale organization of the ring components with respect to the actin core and the network of actin filaments has not been investigated. Direct stochastic optical reconstruction
microscopy (dSTORM) belongs to the family of superresolution techniques that exploits
the sequential readout of emitters in a sample to achieve a lateral localization accuracy
of typically 20 nm (Betzig et al., 2006; Hess et al., 2006; Rust et al., 2006; Heilemann
et al., 2008). Here we exploit dSTORM to determine the nanoscale organization of individual podosomes and their spatial arrangement within large clusters formed by primary
human monocyte-derived DCs. We determine the localization of actin, αMβ2, which is
the predominant integrin at podosomes in DCs (Burns et al., 2004), and the adaptor proteins talin and vinculin. Together the novel structural insights presented here call for a
reevaluation of the current core-ring model for podosomes and represent a major step toward a better understanding of podosome adhesive and protrusive machinery. Moreover,
our results provide a structural framework for understanding podosome cluster function as
a mesoscale mechanosensing apparatus essential for environment probing while crossing
cellular boundaries and basement membranes.
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6.3
6.3.1

Results
Differential localization of ring-associated proteins

To determine the two-dimensional localization of podosome ring components with respect
to the core, we seeded DCs onto glass coverslips and subsequently fixed and stained them
to simultaneously visualize actin with αMβ2 integrin, talin, or vinculin by confocal microscopy (Figure 1, A-C). Although all the investigated proteins are enriched in podosome
clusters compared with nonpodosome areas (Figure 1, A-C, green and orange insets) and
are completely excluded from the cores, their staining patterns at the podosome rings
differ, with αMβ2 and talin appearing more diffuse than vinculin. To quantify this observation, we analyzed confocal microscopy images by a custom-written quantitative image
analysis algorithm (Meddens et al., 2013) and measured the mean fluorescence profile of
each component in areas at increasing distance from the core (Figure 1D). As expected,
αMβ2, talin, and vinculin are all present in the ring (Figure 1, A-C). Whereas the intensity profiles of αMβ2 and talin display no significant changes at increasing distances from
the core, occupying the entire core-free area of the podosome cluster as a carpet, vinculin
intensity peaks very close to the core and quickly decays at increasing distances from the
core (Figure 1E). Note that the general appearance of podosomes is independent of the
surface used to attach the DCs. In fact, podosome formation and composition in cells
seeded on uncoated glass coverslips do not differ from podosomes of cells adhered onto
polymeric substrates with near-in vivo stiffness (Supplemental Figure S1) or coated with
different integrin ligands (Supplemental Figure S2).Together these results indicate that
whereas αMβ2 and talin are homogeneously distributed throughout the podosome cluster,
the distribution of vinculin at the core-free area within the podosome cluster is restricted
to the most proximal region around the actin core. Together these observations suggest
the existence of substructures within the podosome cluster that appear to be differentially
populated by various components.
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6.3.2

F-actin network as major determinant for differential localization of vinculin and talin

We recently showed that the localization of ring components such as vinculin and talin
is differentially affected by the integrity of the F-actin network that interconnects the podosome cores (van den Dries et al., 2013). To investigate the simultaneous localization of
vinculin and talin within the same podosome cluster, we visualized both proteins, as well
as actin, in DCs before and after addition of low concentration of cytochalasin D (cytoD),
which is reported to specifically disrupt the F-actin network (Labernadie et al., 2010; van
den Dries et al., 2013). To prevent antibody cross-reactivity, we transfected DCs with
vinculin-green fluorescent protein (GFP) and subsequently fixed and stained them with an
anti-talin antibody followed by a fluorescent secondary antibody, and with Alexa Fluor
546-conjugated phalloidin to visualize actin. Subsequent confocal microscopy analysis
revealed that both proteins are excluded from the podosome cores and confirmed that vinculin and talin differentially localize with respect to the actin cores throughout the entire
cluster (Figure 2A). Of importance, after the disruption of the F-actin network, only the
localization of talin remains unaffected within the podosome cluster (Figure 2A).To investigate whether the specific localization of vinculin depends on its actin binding capacity,
we coexpressed GFP-tagged wild-type vinculin (VinWT) and the mCherry-tagged tailless mutant (VinTL) in DCs and examined their localization with respect to actin before
and after mild cytoD treatment. As shown in Figure 2B, we observed that VinTL, which
has a talin-binding site but lacks the actin-binding site (Bakolitsa et al., 2004), exhibits
diffuse localization throughout the entire podosome cluster that is clearly different from
that of VinWT but very reminiscent to the talin (and integrin) organization. Furthermore,
unlike VinWT, VinTL localization was largely unaffected by the disruption of the actin
network (Figure 2B), demonstrating that the actin-binding capacity of vinculin is essential
for its specific well-defined localization close to the podosome core. Together these results
demonstrate that the actin network is the major determinant for the differential localization
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of vinculin and talin within the podosome cluster and that talin and vinculin localization is
regulated by different mechanisms. These data also suggest the existence of substructures
of ring components differentially populating the podosome cluster.

6.3.3

Podosome clusters comprise dense actin cores with radiating
actin filaments

To gain better insight into the nanoscale organization and mutual localization of ÎśMÎš2,
talin, and vinculin, we performed dSTORM at sites of podosome clusters. First, we analyzed the localization of F-actin, the most prominent component of the podosome cluster
and widely used to identify podosomes in cells. Owing to the very high emitter density
within the samples, we successfully used a multifitting algorithm (Huang et al., 2011) to
resolve the actin structures within the podosome cluster (Supplemental Figure S3). As
expected, actin is highly enriched at the podosome cores (Figure 3A). By calculating the
perimeter and diameter of the cores, we found them to be very heterogeneous (Figure 3E
and Supplemental Figure S4A). The core perimeter values spread between a minimum
of ∼600 nm and a maximum of 4 Îijm (Figure 3E), whereas the minimum and maximum diameter values measured were ∼200 and 800 nm, respectively. Of importance,
cross-correlating the perimeter with diameter values revealed that the two parameters are
directly correlated (Supplemental Figure S4B). Furthermore, by fitting the size value distributions with a bimodal Gaussian function, we were able to identify two main podosome
populations. The smallest population had an average perimeter of 1.75 Âś 0.71 Îijm and
an average diameter of 303 ± 81.5 nm, whereas the largest podosome population had an
average perimeter of 2.11 ± 0.19 Îijm and an average diameter of 549 Âś 94.6 nm (Figure
3E and Supplemental Figure S4A). Of interest, we also identified two different podosome
populations based on circularity (Figure 3F) and found a negative correlation between
perimeter and circularity (Figure 3G), indicating that the small podosomes are circular
(Figure 3G, inset 1), whereas the large podosomes are more elongated (Figure 3G, inset
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2). The observed heterogeneity of the core parameters presumably reflects the dynamic
nature of podosomes (Evans et al., 2003; Kopp et al., 2006). Continuous formation and
dissolution within the cluster are most likely the major determinants of the observed large
range in core perimeter and diameter. The large, elongated population of podosomes could
be ascribed to podosomes that were undergoing fusion or fission at the moment of sample fixation.Previous studies in osteoclasts and macrophages indicated the existence of a
poorly defined actin cloud in between podosome cores (Destaing et al., 2003; Saltel et al.,
2008). The extremely bright signal originating from the dense actin core overruled the
weaker signal coming from the actin cloud, preventing a detailed characterization of this
region by conventional fluorescence microscopy. By dSTORM, we clearly distinguished
an F-actin network in between the podosomes, which consists of filaments that are highly
heterogeneous in both length and thickness. Typically, 5-10 actin filaments with a thickness ranging between 0.1 and 0.2 Îijm radiate from single podosome cores (Figure 3, B
and C). The length of the filaments ranges between 0.1 and 0.8 µm, with an average of
0.43 ± 0.19 µm. Of importance and in contrast to previous observations in osteoclasts
(Luxenburg et al., 2007), we found that virtually all podosome cores were interconnected
with one or more neighboring cores via actin filaments (Figure 3D). These interconnecting
filaments appeared to be much thicker (0.35 Îijm), suggesting that they are reinforced to
provide stability to the connected podosome cores. Alternatively, these thicker filaments
could be formed by multiple filaments so intimately bundled that they cannot be spatially
resolved. The high level of interconnection between individual cores supports a hypothesis in which clusters of podosomes act as a mesoscale mechanosensing apparatus in which
mechanical forces are continuously transmitted and redistributed. Moreover, communication between podosome cores could efficiently facilitate the simultaneous formation of
contiguous podosomes that we often observe at the edge of a cluster (Supplemental Figure
S5 and Supplemental Video S1).To better characterize the organization of the podosome
cores in relation to the actin filaments we calculated the nearest-neighbor distance for
>700 podosomes in multiple cells. We found that the distance between podosomes is dis-
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tributed around 1.02 ± 0.37 µm (Figure 3H), which is about twice the average length of the
radiating actin filaments. Thus, the average interpodosome distance seems to be directly
correlated with the length of the actin filaments that radiate from the podosome cores,
suggesting that the F-actin network may play an important role in spacing the podosomes
within the cluster.

6.3.4

Nanoscale topography of integrin αMβ2 and talin within the podosome cluster

The αMβ2 integrin is the predominant adhesion receptor present in podosomes within
DCs, and its specific recruitment to podosomes has been shown to be essential for the
binding of DCs to its main counterreceptor, ICAM-1 (Burns et al., 2004). Although αMβ2
is supposed to be localized at the podosome ring (Figure 1A), its spatial organization pattern within podosome clusters is poorly defined. Here we determined the two-dimensional
localization of αMβ2 with respect to the actin core by dual-color dSTORM. We performed
double staining of actin and αMβ2 in adherent and fixed DCs and collected the image
series for the two channels to reconstruct the dSTORM images. We found that αMβ2
organizes in small islets that have a seemingly random distribution within the podosome
cluster but are completely excluded from the podosome core area, as indicated by the
dark regions within the cluster (Figure 4, A-C). Besides αMβ2, β1 integrins have also
been documented at sites of podosomes in DCs (van Helden et al., 2006), and although
they are not specifically enriched in the podosome cluster like αMβ2 (Supplemental Figure S7A), their presence suggests that multiple classes of integrins provide the podosome
cluster with a large and dense adhesive plaque to strongly connect the cell to the underlying substrate.Talin directly binds to integrins and is implicated in the initiation of adhesion
formation, either by activating integrins or by binding to already activated integrins (Nayal
et al., 2004; Moser et al., 2009). In contrast to integrins, talin has the ability to directly
bind to F-actin and is therefore essential for linking integrins to the actin cytoskeleton.
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Of interest, dSTORM analysis showed that talin localization very much resembles αMβ2
localization. Islets of talin were homogeneously distributed within the podosome cluster
but completely excluded from the podosome cores (Figure 4, D-F). Together these results indicate that the podosome adhesive apparatus is not restricted to a small, ring-like
area directly surrounding the podosome core but instead spreads through the entire podosome cluster as a carpet. Of importance, αMβ2 and talin are completely excluded from
the protrusive podosome core areas, indicating that the adhesive and protrusive apparatus of podosomes are spatially well separated. Moreover, the carpet could also facilitate
the anchoring of new actin fibers radiating from an existing podosome and assisting the
simultaneous formation of new contiguous podosomes (Supplemental Figure S5 and Supplemental Video S1).

6.3.5

Vinculin localizes to the direct vicinity of podosome actin cores
and along the radiating actin filaments

Vinculin is a mechanosensitive molecule that reinforces the link between the integrins
and the actin cytoskeleton by binding to talin with its head domain and to actin with its
tail domain (Humphries et al., 2007; Kanchanawong et al., 2010). Talin contains many
vinculin-binding domains to ensure signal amplification during adhesion formation (Gingras et al., 2005; Patel et al., 2006), and it is generally believed that only stretched talin is
capable of binding vinculin (del Rio et al., 2009; Margadant et al., 2011). Inspection of the
nanoscale localization of vinculin with respect to podosome actin by dual-color dSTORM
revealed that in sharp contrast to αMβ2 and talin, vinculin molecules are not homogeneously distributed within the podosome cluster (Figure 5, A-E).To better quantify these
differences, we calculated the average localization density of the three ring components
at increasing distances from the podosome core (Figure 6). We found that the levels of
αMβ2 are relatively constant throughout the cluster, with a minor enrichment close to the
actin core (Figure 6, A and D). Of importance, similar αMβ2 localization density profiles
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were found in areas with and without radiating actin filaments (Figure 6A, areas 1 and 2,
respectively). To better quantify the distribution of the αMβ2 islets, we subdivided the
podosome cluster into three different areas (Supplemental Figure S6) and calculated the
average islet density per area. This revealed that the αMβ2 islets within the cluster are
equally distributed over areas close to the core or areas with or without actin filaments
more distant from the core (Figure 6E). Together these data indicate that the distribution
of αMβ2 islets is not guided by the actin network filaments and suggest that the podosome
cluster is a well-defined area in the cell marked by a homogeneous enrichment of αMβ2 at
the plasma membrane.Although the localization density of talin appeared higher in areas
directly surrounding the podosome core, they displayed only a minor decrease at more distant sites from the core center (Figure 6D). Moreover, we observed that talin, like αMβ2,
also did not display a different distribution at regions close to the core or regions with
or without actin filaments more distant from the cores (Figure 6, B and E). By contrast,
vinculin is highly concentrated within the direct vicinity of the podosome core, and its
levels sharply decrease at increasing distances from the podosome core (Figures 5, B and
C, and 6D). However, we observed a remarkable difference in the vinculin distribution in
areas with or without radiating actin filaments. In fact, the steep decay in vinculin levels
at increasing distances from the core was observed selectively in areas where actin filaments were absent (Figure 6C, area 2). Vinculin levels decrease only gradually at sites
containing actin filaments radiating from the core (Figure 6C, area 1). By quantifying the
islet density within the podosome cluster, we found that the highest percentage of vinculin
islets in the podosome core vicinity (Figure 6E). Of greater importance, the vinculin molecules that are more distant from the podosome core are significantly enriched in areas with
actin filaments radiating from the cores compared with actin-free areas (Figures 5, D and
E, and 6E). Together these data reveal that vinculin exhibits a heterogeneous localization
within the podosome cluster that is guided by the actin network filaments. Together with
the notion that vinculin recruitment to talin is tension mediated (del Rio et al., 2009; Kanchanawong et al., 2010; Margadant et al., 2011), our results strongly suggest that within
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the podosome cluster, tension is specifically generated close to the podosome core and
along the radiating filaments of the actin network.

6.4

Discussion

By applying dual-color dSTORM on adherent human DCs, we demonstrated that podosomes comprise a dense actin core supported by radiating actin filaments that are reinforced by vinculin and anchored onto a layer of homogeneously distributed islets of
integrin-bound talin. Of importance, our findings indicate that the ’closed’ ring structure
attributed to podosomes in images obtained by conventional diffraction-limited fluorescence microscopy is in fact lacking. We propose a revised model (Figure 6F) of the
podosome architecture incorporating the novel information obtained by superresolution
microscopy, in which the adhesive apparatus of podosomes consists of numerous integrin
islets. These islets are differentially populated by cytoskeletal adaptor proteins, depending
on their association with tensed actin filaments that radiate from and interconnect the protrusive podosome cores. Our model highlights the role of the actin network in organizing
the podosome cluster as a mesoscale mechanosensing apparatus and emphasizes the impressive plasticity of actin and actin-binding proteins to ensure the assembly and function
of cellular structures that are both adhesive and protrusive.
Podosomes arrange into higher-ordered structures in many cell types, such as endothelial cells (Tatin et al., 2006) and macrophages (Linder et al., 1999) but most notably in osteoclasts, where they form tightly adhesive belts that constitute the sealing zone and facilitate bone degradation (Jurdic et al., 2006). Here we provide a novel structural framework
to further investigate the collective function of podosome clusters. Our work demonstrates
that in DCs, the podosome cluster should be regarded as one multifunctional zone consisting of three main substructures: actin-dense cores, integrin islets differentially populated
by adaptor proteins, and a well-organized network of filamentous actin radiating from the

146

Chapter 6. Nanoscale Organization of Mechanosensory Podosomes

cores dedicated to protrusion, adhesion, and mechanotransduction, respectively. Protrusion is mediated by the extremely dense podosome cores, most likely driven by continuous actin polymerization at the base of the core and concomitant actomyosin contraction
in the F-actin network (Destaing et al., 2003; Gawden-Bone et al., 2010; van den Dries et
al., 2013). Adhesion is mediated by αMβ2 islets, which constitute a homogeneously distributed layer within the podosome cluster and are specifically excluded from the core. Of
importance, we observed a similar distribution for αMβ2 and talin within the podosome
cluster, suggesting that the integrins are constitutively bound to talin and therefore primed
to bind ligands on the extracellular face and recruit adaptor proteins from the cytoplasm
(Tadokoro et al., 2003). Similar to the belts in osteoclasts, this adhesive zone appears to
be in extremely close contact with the underlying substrate, as indicated by the necessity to permeabilize DCs before integrin staining with antibodies (Supplemental Figure
S7B). Finally, mechanotransduction most likely relies on the F-actin network to provide
the molecular link between the protrusive actin pillars and the adhesive integrin-talin islets.
We here show that this F-actin network is the major determinant for the differential localization of vinculin and talin within the podosome ring. Recently we demonstrated that the
levels of tension-dependent vinculin but not talin oscillate in harmony with the podosome
core (van den Dries et al., 2013). The model presented here integrates the novel superresolution findings and highlights how core growth can generate tension on the radiating
actin filaments, driving the specific recruitment of the mechanosensitive protein vinculin
to the integrin-talin islets associated with these actin filaments. Besides reinforcing the
actin filaments of protruding podosomes, vinculin could be directly involved in organizing
and shaping the actin structures at the podosome site in a talin-independent manner, as
recently suggested by Wen et al. (2009). By adapting the levels of vinculin at the islets
to the tension generated within the radiating actin filaments, the podosomal architecture
may facilitate a continuous feedback loop for the cells’ local protrusive activity. At the
mesoscale level, the network would allow the transmission of mechanical stimuli within
and among podosomes throughout a large cluster most likely to coordinate the cells’ pro-
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trusive and adhesive activity during mesenchymal migration.
Immature DCs reside in peripheral tissues in search of foreign material and exhibit a slow
mesenchymal migration, which is characterized by tight interactions with the ECM and
active, protease-mediated ECM degradation (Friedl and Weigelin, 2008; Friedl and Wolf,
2010). For mesenchymal migration in three-dimensional collagen matrices, protease activity is concentrated specifically at sites of high physical stress (Wolf et al., 2007). Of
interest, we have previously shown that podosomes preferentially form at places with high
physical stress (van den Dries et al., 2012), and the transmembrane matrix metalloprotease MT1-MMP has been found at the site of podosomes (Wiesner et al., 2010). These
observations, combined with the podosome nanoarchitecture presented here, indicate that
podosomes are structures extremely suited to sense and palpate their environment to facilitate mesenchymal migration. On encountering ECM fibers, pressure-induced protease
activation at the site of podosomes could induce the focalized pericellular proteolysis
of the ECM to further allow the migration of immature DCs through peripheral tissues.
The remarkable polarization of many functions associated with migration that converge
at the podosome cluster highlights the efficiency with which mesenchymal migration is
coordinated in DCs. Future experiments combining high-resolution imaging and threedimensional imaging setups (Lidke and Lidke, 2012) are needed to further elucidate the
role of podosomes in regulating the mesenchymal migration of DCs.

6.5

Figures
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Figure 6.1: Differential distribution of αMβ2, talin, and vinculin within the podosome cluster.
Immature DCs were seeded onto glass coverslips, fixed, and stained with Texas red-conjugated
phalloidin and specific monoclonal antibodies to visualize actin with (A) αMβ2, (B) talin, and (C)
vinculin. Insets depict enlargements of a podosome (orange) and a nonpodosome area (green). (D)
A custom-written quantitative image analysis algorithm was used to segment the podosome cores
in confocal microscopy images. The segmented cores were subsequently dilated with 1-pixel steps
using a distance transform. These segmentations were used to calculate the average fluorescence
intensity of the ring components at increasing distances from the core. (E) Average fluorescence
intensity levels of αMβ2, talin, and vinculin at increasing distances from the podosome core center
calculated for at least 1000 individual podosomes in multiple cells as described in D. The data were
normalized to the maximum fluorescence intensity, and error bars indicate SEM.
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Figure 6.2: F-actin network major determinant for differential localization of vinculin and talin.

(A) Immature DCs were transfected with vinculin-GFP and left untreated or stimulated with cytoD
for 2 min. Cells were subsequently stained with a talin antibody and Alexa Fluor 546-conjugated
phalloidin to visualize talin and actin, respectively. Representative images for both conditions are
depicted. (B) Immature DCs were transfected with VinWT-GFP and VinTL-mCherry and left untreated or stimulated with cytoD for 2 min. Cells were subsequently stained with Alexa Fluor
633-conjugated phalloidin to visualize actin. Representative images for both conditions are depicted.
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Figure 6.3: Detailed description moved to Supplement
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Figure 6.4: αMβ2 and talin are localized in homogeneously distributed islets within the po-

dosome cluster. (A) dSTORM image of αMβ2 within the podosome cluster of DCs. (B) Dual-color
dSTORM images of αMβ2 and F-actin. Shown are two representative podosomes within a cluster.
(C) Three-dimensional projection of a dual-color dSTORM image that displays a central core of
F-actin surrounded by many αMβ2 islets. The upper image in B was used for this projection. (D)
dSTORM image of talin within the podosome cluster of DCs. (E) Dual-color dSTORM images of
talin and F-actin. Shown are two representative podosomes within a cluster. (F) Three-dimensional
projection of a dual-color dSTORM image that displays a central core of F-actin surrounded by
many talin islets. The lower image in E was used for this projection.
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Figure 6.5: Vinculin is found within close proximity of the actin core and aligned with actin

filaments. (A) Dual-color dSTORM image of vinculin and F-actin within the podosome cluster
of DCs. (B) Magnification of two individual podosomes within the cluster to show the specific
localization of vinculin close to the podosome core. (C) Three-dimensional projection of a dualcolor dSTORM image that displays a central core of F-actin surrounded by many vinculin islets.
The lower image in B is used for this projection. (D) Magnification of two individual podosomes
within the cluster to show the colocalization of the vinculin islets with the F-actin network. (E)
Three-dimensional projection of a dual-color dSTORM image to show to show the colocalization
of vinculin islets with the F-actin network. The lower image in D is used for this projection.
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Figure 6.6: Differential distribution of αMβ2, talin, and vinculin within podosome clusters. (A-C)

The fluorescence intensity profiles of individual podosomes for actin (red) and (A) αMβ2 (blue),
(B) talin (blue), and (C) vinculin (blue) at increasing distance from the podosome center at a site
with (1) and without (2) a radiating actin filament. (D) The localization density was measured radially at increasing distances from the podosome core for at least 10 individual podosomes. Shown
are the average localization density profiles of αMβ2 (black), talin (red), and vinculin (blue) relative to actin (dotted dark red line). (E) Islet density (islets/square micrometer) within the core
vicinity, actin filaments, and actin free areas for αMβ2, talin, and vinculin. (F) Proposed model of
a podosome cluster based on dual-color dSTORM superresolution microscopy. Podosome cores
are characterized by enormously dense F-actin. The integrin αMβ2 and talin are localized in small
islets homogeneously distributed within a podosome cluster but completely excluded from the podosome core areas. This carpet of presumably primed αMβ2 islets is ready to bind to the extracellular matrix, as well as to interacting proteins on the cytosolic side of the membrane. Furthermore,
vinculin is selectively localized within close vicinity of the podosome F-actin core and along the interconnecting actin filaments. Because vinculin is known to simultaneously bind to actin and talin,
we propose that these vinculin molecules bind to active, stretched talin that is bound to the integrins
and is under tension. The tension is generated by podosome core growth within the actin filaments
that radiate from the cores and attach to the ventral plasma membrane, potentially functioning as
core stabilizers. Actin filaments also interconnect neighboring cores indicating that forces can be
transmitted and redistributed over a large range among the podosomes within the cluster. This
model combines the protrusive and adhesive properties of individual podosomes, as well as the
mechanosensing abilities of the clusters at the mesoscale. Tension-dependent adjustment of the
adaptor protein levels within the αMβ2 and talin islets represents a dynamic and highly efficient
mechanism for the coordination and feedback regulation of mesenchymal migration within DCs.
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6.6
6.6.1

MATERIALS AND METHODS
Preparation of human DCs

DCs were generated from peripheral blood mononuclear cells as described previously
(Thurner et al., 1999; de Vries et al., 2002). Monocytes were derived either from buffy
coats or from a leukapheresis product. Plastic-adherent monocytes were cultured in RPMI
1640 medium (Life Technologies, Carlsbad, CA) supplemented with fetal bovine serum
(FBS; Greiner Bio-One, Frickenhausen, Germany), 1 mM Ultra-glutamine (BioWhittaker;
Lonza, Basel, Switzerland), antibiotics (100 U/ml penicillin, 100 µg/ml streptomycin,
and 0.25 µg/ml amphotericin B; Life Technologies), IL-4 (500 U/ml), and granulocytemacrophage colony-stimulating factor (800 U/ml) in a humidified, 5% CO2-containing
atmosphere. For experiments, cells were seeded on uncoated glass coverslips or, where
indicated, on glass coverslips with fibronectin, collagen type I, or laminin. For substrate
stiffness experiments, cells were seeded onto uncoated 35-mm µm-dishes with an elastically supported surface (Ibidi, Munich, Germany).

6.6.2

Antibodies and reagents

The following antibodies were used: mouse anti-vinculin, mouse anti-talin (Sigma-Aldrich,
St. Louis, MO), and mouse anti-αM integrin (clone Bear-1). Alexa Fluor 488-, Alexa
Fluor 546-, Alexa Fluor 633-, and Texas red-conjugated phalloidin (Invitrogen, Carlsbad,
CA) were used to stain F-actin. For superresolution experiments, antibodies were conjugated with the amine-reactive Alexa Fluor 647 carboxylic acid, succinimidyl ester dye
(Invitrogen). Final antibody:dye ratios varied between 1:1 and 1:2.
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6.6.3

Labeling

For Figure 2A, vinculin-GFP-transfected cells were treated with 2.5 µg/ml cytochalasin
D or left untreated and fixed in 3.7% (wt/vol) formaldehyde in phosphate-buffered saline
(PBS) for 10 min. Cells were permeabilized in 0.1% (vol/vol) Triton X-100 in PBS for 5
min and blocked with 2% (wt/vol) BSA in PBS. Subsequently cells were washed with PBS
and stained with anti-talin antibody, followed by an Alexa Fluor 647-conjugated monoclonal secondary antibody and Alexa Fluor 546-phalloidin. Finally, the cells were washed
five times with PBS and stored in phosphate buffer (PB) at 4degC until imaging. For Figure 2B, VinWT-GFP/vinTL-mCherry double-transfected cells were treated with 2.5 Îijg/ml
cytochalasin D or left untreated and fixed in 2% (wt/vol) formaldehyde in PBS for 15 min.
Cells were permeabilized in 0.1% (vol/vol) Triton X-100 in PBS for 5 min and blocked
with 2% (wt/vol) BSA in PBS. Subsequently cells were washed with PBS and stained with
Alexa Fluor 633-phalloidin. Finally, the cells were washed five times with PBS and stored
in PB at 4degC until imaging. Cells were imaged on an FV1000 confocal laser scanning
microscope (Olympus, Tokyo, Japan) equipped with argon (488 nm) 559- and 635-nm
diode lasers using a PlanApochromatic 63ÃŮ/1.4 numerical aperture (NA) oil immersion
objective. For superresolution experiments, cells were allowed to adhere for 4 h and fixed
in 3.7% (wt/vol) formaldehyde in PBS for 10 min. Cells were permeabilized and stained
with an Alexa Fluor 488-conjugated phalloidin and, in the case of double labeling, followed by an Alexa Fluor 647-conjugated monoclonal antibody. Cells were permeabilized
in 0.1% (vol/vol) Triton X-100 in PBS for 5 min and blocked with 2% (wt/vol) BSA in
PBS. The cells were incubated with Alexa Fluor 647-conjugated monoclonal antibodies
for 60 min. For double labeling, cells were subsequently washed three times with PBS and
incubated with Alexa Fluor 488-conjugated phalloidin for 15 min. Finally, the cells were
washed five times with PBS and stored in PBS at 4degC until imaging. Cells were imaged
in the presence of an oxygen-scavenging system including 50 mM β-mercaptoethylamine
(MEA; Heilemann et al., 2008) as a reducing agent.
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6.6.4

Transfection and live-cell imaging

Transient transfections were carried out with the Neon Transfection System (Invitrogen).
Cells were washed with PBS and resuspended in 115 µl of resuspension buffer per 0.5
x 106 cells. Subsequently cells were mixed with 5 µg per 1 x 106 cells per transfection
and electroporated. Directly after, cells were transferred to WillCo dishes (WillCo Wells,
Amsterdam, Netherlands) with prewarmed medium without antibiotics or serum. After
3 h, medium was replaced by medium supplemented with 10% (vol/vol) fetal calf serum
and antibiotics. For live-cell imaging (Supplemental Figure S5), cells were washed with
PBS, and imaging was performed in RPMI without phenol red to avoid autofluorescence.
Transiently transfected cells were imaged on a Zeiss LSM 510 microscope (Carl Zeiss,
Jena, Germany) equipped with a PlanApochromatic 63x/1.4 NA oil immersion objective.
The samples were excited with a 488-nm (GFP) argon laser, and images were acquired
every 15 s at 37degC.

6.6.5

Superresolution imaging

dSTORM imaging was performed using an inverted microscope (IX71; Olympus America, Center Valley, PA) equipped with an oil-immersion objective 1.45-NA total internal
reflection fluorescence objective (U-APO 150x/NA 1.45; Olympus America). A 635nm diode laser (Radius 635; Coherent, Santa Clara, CA) was used for Alexa 647 excitation, and a 488-nm frequency-doubled diode laser (Spectra-Physics Cyan Scientific;
Newport, Irvine, CA) was used for Alexa 488. A quad-band dichroic and emission filter
set (LF405/488/561/635-A; Semrock, Rochester, NY) set was used for sample illumination and emission. Emission light was separated onto different quadrants of an Ixon
897 electron-multiplying charge-coupled device (EM CCD) camera (Andor Technologies,
South Windsor, CT), using a QuadView imaging system (QV2; Photometrics, Tucson,
AZ) with additional emission filters (692/40 and 525/30 nm; Semrock). The EM CCD
gain was set to ≈200, and frames were 256 x 256 pixels with a pixel size of 0.106 µm.
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Images were acquired with 100-ms exposure and collected over 10,000-20,000 frames.
The sample chamber was mounted in a three-dimensional piezostage (Nano-LPS; Mad
City Labs, Madison, WI) with a resolution along the xyz-axes of 0.2 nm. Sample drift
was corrected for throughout the imaging procedure using a custom-built stage stabilization routine. Before data acquisition, a reference bead, 0.2 µm (535/575; Invitrogen), or a
’giant’ quantum dot (provided by J. Hollingsworth, Los Alamos, NM; Chen et al., 2008)
was found using the MCL nanopositioning stage, and the location of the bead relative to
the imaging frame was recorded. After each acquisition of 1000 frames, the stage returned
to the recorded bead position, and an updated bead position was determined by fitting
the bead position along x, y, and z. The updated bead location along the z-plane was
determined by scanning a distance of 250 nm above and below the current plane in 10 sequential steps, fitting a two-dimensional Gaussian distribution to the intensity distribution
at each plane, and then fitting a curve of the fit primary sigma factor (PSF) values at each
plane to find the z plane for which PSF is minimized. The updated xy position of the bead
was found by fitting the center of the two-dimensional Gaussian at the bead’s in-focus z
position, and the stage was moved to the updated position with mean x, y, and z correction
of 6.8, 7.5, and 47.9 nm, respectively, over all acquisitions.

6.6.6

Image reconstruction and data analysis

dSTORM images were analyzed and reconstructed with custom-built MATLAB (MathWorks, Natick, MA) functions as described previously (Smith et al., 2010; Huang et al.,
2011). Vinculin, talin, and αMβ2 images were reconstructed from between 930,000 and
2,000,000 fit positions. Actin images were reconstructed from between 9,000,000 and
16,000,000 fit positions. For each image frame, subregions were selected based on local maximum intensity. Each subregion was then fitted to a pixelated Gaussian intensity
distribution using a maximum likelihood estimator. Fitted results were rejected based on
log-likelihood ratio and fit precision estimated using the CramÃl’r-Rao lower bound val-
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ues for each parameter fit, as well as intensity and background cut-offs. Multifluorophore
analysis was used for fitting of the Alexa 488-phalloidin images, as the duty cycle of Alexa
488 and high density of labeled actin resulted in an active density not successfully fitted
with a single-emitter model.

6.6.7

Two-color imaging and image alignment

The choice of Alexa 647 for labeling of ring components and Alexa 488 for labeling of
actin was made to ensure the most number of acquired fits. We found that Alexa 488phalloidin superresolution images revealed similar actin structures to those seen using
Alexa 647-phalloidin (data not shown). In contrast, labeling of the ring components vinculin, talin, and Mac1 using Alexa 488 antibodies resulted in drastically undersampled reconstructions when compared with reconstructions seen using Alexa 647 antibodies (data
not shown). This is a result of the difference in photophysical properties between Alexa
488 from Alexa 647 under our imaging conditions. A large number of Alexa 488 molecules were lost during the acquisition due to photobleaching or improper fitting. However,
the high labeling density of phalloidin, as well as the high concentration of actin within
the podosomes, made the underlying resolution of the actin structural distribution robust
to suboptimal blinking characteristics. This was not the case for the ring component proteins, as they were not expressed at as high levels and the proteins within the structures
were not as densely labeled, making the reconstructed structures more sensitive to any loss
of fits. On the basis of these initial findings, we chose throughout the rest of the study to
use Alexa 647 to label the ring components and Alexa 488-phalloidin to label the dense
actin structures. Dual-color image acquisitions were performed by imaging Alexa 647 and
Alexa 488 sequentially. Alexa 647 was imaged first to prevent photobleaching of the Alexa
488. The same bead was used for both channel stabilizations. The extended imaging time
needed for the full two-color acquisition necessitated use of the ’giant’ qdots for the stabilization because they were found most resistant to photobleaching. To correct for shifts
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due to chromatic aberrations, channels were aligned using multicolor beads (Tetraspek;
Invitrogen). Using our piezostage, we placed a single Tetraspek bead at 225 locations (15
x 15) uniformly distributed across the image window. The emission position in both channels was fitted and recorded. A locally weighted transform between the channels across
the image was determined as described in Churchman and Spudich (2008). This transform
was then used to convert fits from the Alexa Fluor 488 channel into the Alexa Fluor 647
channel. Registration error was calculated using the transform determined from a uniformly distributed subset of fit positions (8 x 8) to overlay the remaining fit positions (7
x 7). Registration error, calculated as the mean of the Cartesian distance between corresponding points in the two channels, was between 4.8 and 7.6 nm. A channel registration
data set was always taken within 3.5 h of any data acquisition. We found this necessary
to ensure that the registration transform was relevant and that no alignment drift occurred.
Comparison of two registration data sets taken 3 h apart resulted in a cross-transformation
error of 13.2 and 43.5 nm when taken 12 h apart.

6.6.8

Quantification

Podosome core analysis for Figure 2, E-H: Ring analysis and core perimeter and area
analysis were done with ImageJ 1.45b software (National Institutes of Health, Bethesda,
MD). Podosome cores were selected on the basis of intensity. Podosome diameter was
√
calculated using D = 2 (A/π), where D is the diameter of the podosome core and A is
the area. Podosome circularity was calculated using C = (4πA/P)2, where C is the circularity, A is the area, and P is the perimeter of the podosome core. Nearest-neighbor
distance was based on the position of the podosome core center. Size value distributions
were fitted with a single Gaussian or with a sum of two Gaussians using Prism 5.03 for
Windows software (GraphPad Software, La Jolla, CA).

Localization density in Figure 5D: Podosome cores were randomly selected and seg-
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mented in the F-actin image. Subsequently a distance transform was calculated for both
the segmentation mask and its logical complement. From these distance transforms masks
were created for pixels at each distance from the boundary of the segmented area, both
within the segmented area and in the background. Finally, these masks were used to measure the average localization density in the corresponding image of the ring components
vinculin, talin, and αMβ2.
Islet density in Figure 5E:For all three components, five regions of 3 x 3 µm within a
podosome cluster were randomly selected and subdivided into three areas: 1) a ring with a
width of 0.28 µm surrounding the core of podosomes (Ring Area), 2) areas without actin
cores or actin filaments (Actin Free Areas), and 3) areas containing radiating actin filaments but not within the podosome core or ring area (Radiating Actin Filaments). Next
the image was thresholded and islets were identified on the basis of their intensity compared with the background. Subsequently islet density values were calculated for vinculin,
talin, and αMβ2 for all three areas, presented as the number of islets/square micrometer.
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6.8

Extended Figure Legend Text

Caption for figure 6.3:
The podosome cluster comprises of dense actin cores and an interconnecting F-actin network. (A) Immature DCs were seeded on glass coverslips for 3 h, fixed, and stained
for Alexa Fluor 488-conjugated phalloidin to visualize actin. Shown is the dSTORM
reconstruction of a part of a representative podosome cluster with podosome cores and
associated network. Details on the representation of the dSTORM reconstruction images
are given in Supplemental Figure S1. (B) Magnification of individual podosomes within
a cluster to show the actin filaments that radiate from the podosome cores. (C) Threedimensional projection of a dSTORM image that displays a central podosome core and
radiating actin filaments. The upper right podosome in Figure 1B is used for this projection. (D) Magnification of actin filaments that interconnect multiple podosomes. (E,
F) The podosome core perimeter (E) and circularity (F) were determined for 700 individual podosomes. The distributions were fitted with a sum of two Gaussians formula using
GraphPad Prism software. Shown are the frequency distributions and the fit of the data
(solid line). The two individual Gaussians are also shown (dashed line). (G) Correla-
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tion of the podosome core circularity and perimeter. (H) The podosome nearest-neighbor
distance (NND) was determined using the center of mass of >700 individual podosomes.
Shown are the frequency distribution and the Gaussian fit of the data (solid red line).

6.9

Supplementary Figures

Figure 6.7: Surface stiffness does not influence podosome formation and macrostructure. Cells

were left to adhere on substrates with different stiffness for 16 hrs, fixed and stained for actin (red)
and vinculin (green). Podosome formation nor macrostructure were affected by surface stiffness.
Representative images are depicted. Scale bar represents 10 µm.
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Figure 6.8: Substrate coating does not influence podosome formation and macrostructure. Cells

were left to adhere on substrates with different coatings for 16 hrs, fixed and stained for actin
(red) and vinculin (green). Podosome formation nor macrostructure were affected by the different
coatings. Representative images are depicted. Scale bar represents 20 µm
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Figure 6.9: Single emitter compared to multi-emitter detection. Cells were seeded on glass cov-

erslips and left to adhere for 3 hrs. Cells were subsequently fixed and stained with Alexa488conjugated phalloidin. Subsequently, image series were acquired and analysed with a single emitter and multi-emitter detection method. The dSTORM localizations are represented by the sum
of the Gaussian fits of the individual emitters. Like similar super-resolution techniques such as
PALM (1) or conventional STORM (2), dSTORM relies on the localization of well separated single emitter events. However, within podosome clusters, and especially within the podosome core,
we found the emitter density to be extremely high, which would render the localization of individual fluorophores difficult. To be able to fit the high-density fluorophores within the podosome
cores, we used a simultaneous multi-emitter detection method, recently developed by Huang and
colleagues (3). While conventional, single-emitter fitting methods are limited to emitter densities
of approximately 1 µm-2, this multi-emitter detection method allows the analysis of images with
average active emitter densities up to 10 µm2 . Using this method, the number of accepted fits per
image increased by 4-5 fold in image series with a high emitter density. Shown are two representative podosomes with the result from the single emitter detection on the left and the result from the
multi-emitter dection on the right. The multi-fitting algorithm resolved the dense actin structures
within the podosome cluster with a much better performance than the single fit analysis. Analysis
of the single emitter images would lead to an underestimation of the podosome core perimeter and
diameter.
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Figure 6.10: Podosome core diameter and core diameter-perimeter correlation. A) The podosome

core diameter was determined for approximately 700 individual podosomes. The distribution was
fitted with a sum of two Gaussians formula using GraphPad Prism software. Shown are the frequency distributions and the fit of the data (solid line). The two individual Gaussians are also
shown (dashed line). B) Correlation of the podosome core diameter and perimeter.

Figure 6.11: Simultaneous formation of new podosomes at the edge of podosome cluster. DCs

were transfected with Lifeact-GFP to visualize actin and seeded on Willco Wells for 24 hrs. Images
were analyzed by time-lapse confocal microscopy using a Zeiss LSM510 laser-scanning confocal
microscope. Frames were taken every 15 s for 25 min at 37 degrees Celsius. Shown are 4 snapshots
from Suppl. Video 1 that show the coordinated formation of multiple podosomes at the edge of a
cluster. Roughly every 3 min a new group of podosomes is formed at the edge of this cluster in
motion.
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Figure 6.12: Overview of area segementation within podosome cluster. Actin images were used

to segment the podosome core areas (Core, red) and the actin free areas (Actin Free Areas, Blue).
Subseqently, the core areas were enlarge by 0.28Îijm to segment the areas most close to the core
(Core Vicinity, Green). Finally, these three areas were subtracted from the total area to segment the
area distant from the podosome core with actin filements (Radiating Actin Filaments, Gold).

Figure 6.13: Carpet-like distribution of β1 integrin within podosome cluster. A) Immature DCs

were seeded on glass coverslips, fixed, permeabilized and stained for Texas Red-conjugated phalloidin and a fluorescent β1 integrin antibody to visualize actin (red) and β1 integrin (green), respectively. β1 integrin displays a carpet-like distribution but, unlike αMβ2, is not specifically enriched
within the podosome cluster. B) Immature DCs were seeded on glass coverslips and fixed. The
fixed cells were either first permeabilized or direclty stained with an αMβ2 monoclonal antibody
and Texas Red-conjugated phalloidin to visualize αMβ2 and actin, respectively.
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Chapter 7
Summary, Implications and Future
Directions
The studies presented in this work focus on the development and application of single
molecule imaging technologies to better understand immune cell regulation.

7.1

Spatio-temporal Dynamics of Syk-FcRI Interactions
and their Implications for Signal Propagation

In Chapter 2 and Chapter 3 we were motivated by the hypothesis that the duration of
Syk-FcRI interaction controls the potency of signaling.
We began by investigating the integrity of the FcRI complex. Syk binds to FcRI
through the intracellular ITAM motifs carried on the FcRIγ and FcRIβ subunits. It was
therefore necessary to establish how the spatio-temporal behavior of these ITAM domains
changes after antigen activation. Great work has been done to characterize FcRI using
IgE based probes. However, because IgE binds only to the FcRIα subunit implications
for this work on the behavior of the ITAM domains was mostly unknown. In Chapter 2
we genetically fused an FAP tag to the FcRIγ subunit and showed that it functionally
incorporates into the FcRI complex. This allowed us to simultaneously image both the
FcRIα (Fluorescent IgE) and FcRIγ (FAP) for the first time in living cells. We characterized the relative localization of the FcRIα and FcRIγ subunits and found that they
co-clustered and co-internalized after antigen cross-linking. We also established the FAP
as a useful probe for single particle tracking. Comparing differences in mobility between
the FcRIγ and FcRIα subunits allowed us to show that the kinetics of immobilization for
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Figure 7.1: Proposed model for SPE-7 mediated cross-linking of FcRI. SPE-7 in solution binds

to the FcRI bound SPE-7 through weak interactions (1-2 µM) between of the Fv domains [147]

both subunits was identical. These results demonstrate that the FcRI remains as an intact
complex throughout signaling and that previous studies characterizing FcRI behavior using fluorescent IgE are relevant for understanding ITAM behavior. The FcRIγ subunit is
shared between many FcRs and thus we expect that the FAP-FcRIγ probe will also be a
useful tool for studying a number of other receptor systems. In Chapter 2 we also investigated how IgE binding influences FcRI mobility. Specifically, we were interested in the
cytokinergic IgE SPE-7, which causes mast cell activation independent of antigen, when
added at high doses. We found that addition of SPE-7 IgE, at concentrations that resulted
in complete degranulation and calcium mobility, had no influence on FcRI mobility. It
was previously found that low doses of DNP25 BSA form small FcRI aggregates that do
not immobilize [58]. Our results are therefore consistent with the idea that SPE-7 induces
the formation of small FcRI aggregates. The mechanism through which SPE-7 induces
FcRI aggregation remained elusive until a very recent study revealed that SPE-7 bound
FcRI exhibits affinity toward other SPE-7 in solution. This occurs through an attraction
between the Fv domains within the Fab arms [147](Figure 7.1). In this work they found
that the affinity for SPE-7 SPE-7 interaction was very low (1-2 µM), which explains why
such high concentrations of SPE-7 have always been needed to illicit a response. Intriguingly, this suggests that FcRI activation occurs through very transient FcRI–FcRI in-
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teractions. The minimal requirements for Src mediated phosphorylation of FcRI are
still not well understood. Studies with well defined DNA spaced ligands have suggested a
minimum interaction unit of two FcRI [5] and provided insight into the relative distance
requirements. However, there is currently no information regarding a timing requirement
for productive FcRI interactions. One promising potential future study utilizes the UNM
hyper-spectral microscope for multi-color single particle tracking. By simultaneously following many FcRI trajectories, we could characterize the lifetime of interactions [148]
under various activating conditions. The FAP-FcRIγ can easily be used for this application. An MG dye conjugated to biotin has already been used for QD tracking of FAP
expressing constructs. Alternatively, the HA tag on the FAP-FcRIγ could be used in
conjunction with a commercially available biotinylated Fab that has been demonstrated to
work fo QD tracking. The low affinity, but high signal productivity of SPE-7 also makes
it a useful antigen for identifying minimal signaling requirements.
We next investigated how FcRI aggregation regulates its association with Syk. In
Chapter 3 we develop an imaging approach that allowed us to visualize the binding of individual Syk molecules at the basolateral membrane in living cells. We attached mNG to
the N-terminus of Syk and tracked the appearance of individual fluorophores using TIRF
microscopy. By adjusting our frame rate to 100 ms, we were able to distinguish rapidly
diffusing Syk-mNG molecules in the cytosol whose intensity signal is blurred, from those
molecules bound to the membrane. Using previously developed single particle tracking
software, we quantify the duration of Syk-mNG at the membrane. We found that Syk
binding events at the membrane were transient (<3-4 sec), which may facilitate Syk’s interaction with signaling molecules such a LAT. Syk dependent phosphorylation of LAT
is a necessary component for mast cell signaling. High resolution imaging studies have
revealed that LAT is found segregated from FcRI in ’secondary’ signaling domains. The
ability of Syk to dissociate from FcRI may be necessary for its association with LAT.
Because in this work we only ever visualized the localization of Syk relative to FcRI, another future study would be to investigate the dynamics of LAT relative to FcRI. Using
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similar single particle tracking analysis routines developed Chapter 2, we could visualize the movement of LAT and determine whether it associates with FcRI. Single particle
tracking studies in T-cells demonstrated that LAT was transiently immobilized near TCR
microclusters. These ’hot spots’ may be where activated Syk can phosphorylate LAT. Interestingly, we also found in Chapter 3, that Syk was associated at the membrane before
FcRI activation. There are many possible explanations for this including the existence
of population of phosphorylated receptors, or other binding partners such as integrins and
γ tubulin. By adding drugs such as integrin inhibitors or more studies using Src family inhibitors, we could compare how these treatments influence the basal level of Syk
membrane association. It is interesting to speculate about what the role this constitutive
population of membrane associated Syk plays in facilitating signaling.
After the addition of antigen, we observed more long lived Syk binding events. We
also found that at higher antigen doses, with larger FcRI aggregates, the probability of
observing more than one Syk-mNG molecule within a diffraction limited subregion also
increased. We developed a thresholding routine to identify trajectories most likely derived
from multiple events. Although this allowed us to have confidence that our track lengths
were representative of the behavior of individual Syk molecular binding events, it also
continues to pose a challenge. It is possible that events in which multiple Syk molecules
are found within close proximity to one another, may in fact be important signaling events
that we lose due to our thresholding routine. Finding a way to better characterize these
multi-molecule binding events may provide new insight into Syk behavior. We found
that as a function of increasing antigen dose, there was an increase in the fraction of longer
lived observed trajectories, but that the lifetimes themselves did not change. This results
is heavily dependent on our ability to properly model our data, and may deviate based
on tracking errors due to issues with densities etc. In order to characterize Syk-FcRI
interactions we want to maximize the number of phosphorylated receptors available for
Syk to bind to. With multi-valent antigen, high concentrations lead to large clusters, which
necessarily increase the probability of observing simultaneous events. Another approach
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Figure 7.2: RBL cells were primed with IgE and presented with POPC bilayers containing 25%

DNP-PE mobile antigen. Scale bar, 5 µm. After cells begin to adhere to mobile bilayers, the
appearance of Syk correlates with regions of dense FcRI.

would be to attach antigen to the surface of a mobile bilayer. It has previously been shown
that binding of mast cells to a lipid bilayer that contains monovalent antigen will induce
formation of a synapse-like structure and trigger degranulation. We have already begun
preliminary studies that suggest Syk molecules are recruited to this synapse and can
be tracked. (Figures 7.2 and 7.3). A secondary approach would be to characterize Syk
behavior with low affinity ligands such as the cytokinergic IgE SPE-7.
A topic that was not addressed in this work was the role of endocytosis on FcRI signaling. Interestingly, we did find that Syk remained associated with FcRI after aggregates
had internalized (Figure 7.4). Syk phosphorylation levels remain high for over 30 minutes
after antigen addition, long after the majority of the receptor has been internalized [58].
One previous study suggested that Syk association with FcRI delays endocytosis [81],
suggesting that Syk may play a regulatory role in the termination of signaling. It also
remains unclear whether Syk associated with FcRI on endosomes is capable of signaling.
Most importantly, in this study we revealed a possible new mechanism through which
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Figure 7.3: Individual Syk molecules recruited directly to the FcRI Synapse can be identified

and tracked. A. Each color represents a separate track. B. Antigen presented as 25 mol% DNPPE in a POPC bilayer compared with 1000 ng/mL DNP2 4BSA. Syk lifetime at the membrane
increases after engagement with mobile antigen presenting bilayer. C) Syk mobility remains high
after recruitment to the mast cell synapse.

spatio-temporal signals at the membrane translate into signaling readouts. We found
that the Syk Y130E mutant was able to bind FcRI at the membrane, but that its association time was shortened. We also found that the Y130E mutant was unable to facilitate
degranulation or cytokine production. We propose that the interaction lifetime of Syk with
FcRI serves as a kinetic proofreading mechanism to limit productive signaling to only
sufficiently long interactions. We propose that this occurs through a mechanism in which
Syk mediated trans-phosphorylation of Y342 is highly sensitive to the duration over which
Syk is bound at the membrane and available for phosphorylation. A lack of phosphorylation at Y342 results in the loss of adaptor protein binding (Vav and LAT), that ultimately
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Figure 7.4: (A) Although internalization is thought to provide a deactivation mechanism for re-

ceptor signaling, Syk-GFP continues to appear highly co-localized with FcRI aggregates long
after internalization. Previous work [58] has shown that Syk remains phosphorylated for up to 30
min after activation, while FcRI is almost completely internalized within 10 min (dependent on
dose). (B) FcRI and Syk appear co-internalized 10min after addition of antigen and (C) exhibit
correlated directed motion.

prohibits degranulation and cytokine release. Although more work is necessary to fully
validate these claims, this thesis has provided strong evidence.
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Appendices
A

Super-resolution Imaging of FcRI Aggregation

B

Implementation of TIRF optical setup for UNM Microscopy Facility (Rm
218)

4

5

Figure 7.5: Super-resolution Imaging of Dose Dependent FcRI Aggregation. Cells were primed

with Alexa647 IgE overnight and crosslinked with the indicated concentrations of DNP25 BSA for
3 min.
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Figure 7.6: Quantification of Dose Dependent FcRI Aggregation: Equivalent Diameter for clus-

ters within selected subregions of the images in 7.5.

Figure 7.7: Quantification of Dose Dependent FcRI Aggregation: Compactness measure for
clusters within selected subregions of the images in 7.5. Compactness is defined as 4πA/D2 where
A=cluster area and D=cluster diameter.
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Figure 7.8: The components with ThorLabs part numbers used for implementation of objective

TIRF illumination from an optical fiber.

Figure 7.9: Diagram for fiber coupling optical path for 473 nm and 635 nm laser lines.
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